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Abstract
The standard model (SM) is based on the gauge principle and the electroweak symmetry
breaking. The mass terms of the SM particles prohibited from the gauge principle are
generated by the Higgs mechanism where a Higgs boson obtains a vacuum expectation
value and the electroweak symmetry breaks spontaneously. By the discovery of the Higgs
boson at the Large Hadron Collider (LHC), the SM was established as the effective the-
ory of the low energy scale less than 100 GeV. However, the SM cannot explain dark
matter, neutrino mass, baryon asymmetry in the universe, and inflation problems. On a
theoretical viewpoint, the SM has a hierarchy problem. Therefore, we should extend the
SM and solve such problems.
The existence of dark matter is a piece of the evidence of the existence of a new particle.
Various astronomical observations point out characteristics of dark matter. Dark matter
has a mass and a life time longer than that of the Universe, but not an electromagnetic
charge. Furthermore, the relic density of dark matter in the universe is measured precisely
through the analysis of the fluctuation in the cosmic microwave background. However,
the SM does not contain a dark matter candidate. Parameter regions of extended models
with dark matter candidates are constrained by the limits from the cosmic microwave
background, direct and indirect detections of dark matter, and colliders. The researches
on the testability of dark matter models can contribute to the decision on the direction
of the studies on new physics models.
In this thesis, we probe several extended models with dark matter candidates through
calculations of observables and comparisons between the theoretical predictions and the
experimental limits. We investigate the possibility of the detection of the dark matter
particle and the constraints on the parameter regions at future experiments.
In the study on a mixed sneutrino model, we investigate the weakly interacting massive
particle (WIMP) scenarios where the WIMP mass is less than 10 GeV. In such a model,
we introduce the right-handed neutrinos and the supersymmetry to the SM. The left- and
right-handed neutrinos generate Yukawa couplings to the Higgs doublet, and the Yukawa
couplings produce the neutrino Dirac mass terms. The extended model can avoid the
hierarchy problem because of the radiative corrections to the Higgs boson mass from the
supersymmetric particles. Furthermore, the superpartners of the left- and right-handed
neutrinos, the left- and right-handed sneutrinos, are mixed by a trilinear scalar coupling,
and the lighter mixed sneutrino can be a WIMP candidate. We show that there are GeV-
mass WIMP region consistent with limits from experimental results and vacuum stability.
We point out that the allowed region can be tested through the searches for the Higgs
boson invisible decay at future colliders.
In the study on a mixed complex scalar model with a Majorana fermion, we focus on
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scenarios where the lighter mixed neutral scalar acts as a WIMP. We show that there are
several WIMP mass regions consistent with present experimental constraints. We discover
that the allowed region where the WIMP mass is less than 10 GeV can be reached at future
collider. We also point out that the consistent areas where the WIMP mass is a half of
the Higgs boson mass and larger than 100 GeV can be testable at future direct detections.
In the study on universal extra dimension (UED) models, we research the contribution
from coannihilation modes to the relic density of dark matter. In such model, we assume
a compact 5-dimensional space-time where all the SM particles can propagate. Therefore,
the Kaluza-Klein (KK) particles of the SM particles are introduced. The lightest first KK
particle can be a WIMP candidate. In earlier works, it is shown that coannihilation modes
with the second KK particles contribute to the relic density in the minimal UED, where
only two parameters, the compactification scale and the cut-off scale, are free. On the
other hand, in earlier works of first KK photon WIMP scenarios in the phenomenological
UED model where the masses of the KK particles are also free parameters, only the
first KK particle contributions are taken into account in the relic density calculation.
We calculate the relic abundance by coannihilation modes by the first and second KK
particles in the phenomenological UED model. We show that the typical scale of KK
masses with the correct relic density is modified from around 1 TeV to a few TeV.
Finally, we investigate the possibility of the distinction between WIMP and asymmet-
ric dark matter (ADM) scenarios in a mixed complex scalar model with a Dirac fermion.
We compare experimental limits on the parameter regions of the WIMP scenarios with
those of the ADM scenarios. As one of the characteristics of the ADM scenarios, we show
that there are regions where the gauge coupling of mixed scalar WIMP cancels out the
scalar one, and that the cancelation relaxes the limits from direct detections. We discuss
the testability of WIMP and ADM scenarios at future colliders and direct detections.
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Part I
Introduction
1

3Overview
In July 2011, the Higgs boson, which is the point of the mechanism of the elementary
particle mass generation in the standard model (SM) was discovered at the Large Hadron
Collider (LHC) [1, 2], and the SM has established as the effective theory of the low energy
scale less than 100 GeV. In the SM, however, the Higgs sector is assumed to be a minimal
form and there is a theoretical problem that is known as the hierarchy problem. On the
other hand, the SM can not solve dark matter (DM), neutrino mass, baryon asymmetry
of the Universe, and inflation problems, and so on. Therefore, we should extend the SM
to resolve these problems.
The existence of dark matter has been pointed out through various astronomical ob-
servations: rotation curves of galaxies, collisions of galaxy clusters, gravitational lensing,
the large-scale structure of the Universe, and the fluctuation of the cosmic microwave
background (CMB) [3, 4]. These evidences require that a dark matter particle is electro-
magnetically neutral and have a mass enough to move non-relativistically and a longer
lifetime than that of the Universe. In addition, the analyses of the CMB fluctuation have
shown the relic density of non-baryonic dark matter, Ωh2 ∼ 0.1. The SM does not contain
a DM particle that satisfies the above nature. Thus, we need a new paradigm to explain
the existence of DM.
Weakly interacting massive particle (WIMP) and asymmetric dark matter (ADM)
scenarios, etc. are known as candidates for DM. WIMPs are supposed to be in ther-
mal equilibrium in the early Universe and to freeze-out because of the expansion of the
Universe. The freeze-out temperature of the Universe depends on the annihilation cross
section of the WIMP, hence the cross section determines its relic density. The typical
mass scale of WIMP scenarios is of the order of 1 TeV to realize the relic abundance from
CMB observations. The mass scale has been searched at many experiments. On the other
hand, since ADM scenarios relate the relic density of DM to that of baryon, the typical
mass scale of a DM particle in such scenarios is similar to that of baryon.
The hierarchy problem means unnatural fine turning which is caused in the calcula-
tion of the radiative corrections to the squared mass of the Higgs boson. The radiative
corrections to the Higgs boson squared mass are proportional to the square of the cut-off
scale. Since the measured Higgs boson mass is at the electroweak scale, mh = 125 GeV,
we must tune the difference between the bare mass and the radiative corrections to lead
to the physical mass, which is much smaller than the cut-off scale.
Supersymmetry (SUSY) is known as solutions of the hierarchy problem, and extra di-
mension can improve the hierarchy problem. In addition, such paradigms usually contain
candidates for WIMPs. Since SUSY transforms fermions (bosons) to bosons (fermions),
additional SUSY particles corresponding to each original particle are introduced in SUSY
4models. In the Minimal Supersymmetric Standard Model (MSSM), we can avoid the hier-
archy problems by the cancellations of the radiative corrections to the Higgs boson mass.
Furthermore, SUSY models can also realize a dark matter candidate. In SUSY models,
R-parity is assumed to constrain the proton decay, and the lightest SUSY particle (LSP)
can not decay to SM particles. Thus, the neutral LSP is able to act as a WIMP candidate.
On the other hand, various extra dimension models, where additional spatial dimensions
are assumed, can improve the hierarchy problem. In extended models with d dimensions
compactificated on the radius size of R, for example, the Planck scale in the 4 dimensions
is rewritten in terms of that in the 4 + d ones and the compactification scale R. As a
result, the large difference between the Planck scale and the electroweak one is superficial
and the hierarchy problem is improved. In particular, universal extra dimension (UED)
models, in which all the SM particles propagate in the directions of the extra dimensions,
include naturally WIMP dark matter candidates. Since the Kaluza-Klein (KK) particles
corresponding to all the SM particles are introduced in the UED, the phenomenology at
colliders has been investigated.
Now, the LHC, direct DM searches, and indirect ones have been running and reporting
results of new particle searches. The experimental results test extended models with DM
candidates. Furthermore, DM models can be reached at future collider experiments,
such as International Linear Collider (ILC) [5, 6, 7, 8]and the Compact LInear Collider
(CLIC) [9], and future DM searches. In this thesis, therefore, we calculate the observables
tested by various experiments and point out the testability of extended models.
Testability of WIMP scenarios
Supersymmetric models
In many SUSY models, the lightest neutralino, which is constructed by superpartners of
the gauge and Higgs bosons, is common WIMP candidate. The left-handed sneutrinos
also are electromagnetically neutral, but these interact to the other particles via the Z
boson. Thus, the left-handed sneutrino WIMP scenarios have been constrained strongly
by the null results of direct detection of DM particles.
Mixed sneutrino model is one of the SUSY models that contain WIMPs and improve
the neutrino mass problem and the hierarchy one simultaneously [10]. In the model,
the supermultiplets containing the right-handed neutrinos and sneutrinos are introduced.
The coupling among the Higgs doublet, the left-handed slepton doublet, and the right-
handed sneutrino singlet causes the sneutrino mixing. The lighter mixed sneutrino can be
a WIMP candidate. The weak couplings of the mixed sneutrinos are suppressed by the
5contribution of the right-handed sneutrinos. Therefore, the lighter mixed sneutrino WIMP
scenarios can be consistent with the experimental results. In earlier works [10, 11, 12], the
parameter regions satisfying the gaugino mass relation required from the gauge coupling
unification have been discussed, and it is shown that the WIMP mass region less than
half of the Higgs boson mass is excluded by experimental results. However, the analyzed
parameter region is one of benchmarks, hence the light WIMP scenarios around 1 GeV can
be consistent with the experimental limits in the case where the gaugino mass relation is
relaxed. In the GeV-mass WIMP region, the scalar trilinear couplings can be sufficiently
large to bring a deeper vacuum than the SM-like one. Thus, we should investigate the
transition rate to the false vacuum as well as testability by experiments in the GeV-mass
mixed sneutrino WIMP scenarios relaxing the gaugino mass relation.
Inert dark matter models
Inert DM models are simple DM ones. In such models, an additional real scalar or
Majorana fermion is usually a DM candidate, and a new symmetry guarantees the stability
of the lightest additional particle. Since this DM particle does not interact to SM particles
via the Z-boson, the DM-nucleon scattering cross section appears to be smaller than the
limits from direct DM searches. In scalar WIMP scenarios of the inert doublet scalar
model, introduction of a CP violating term in the scalar potential eliminates the coupling
with the Z-boson. This method is used to be consistent with the null results of direct
detection [13, 14].
Complex scalar WIMPs in the inert singlet models do not interact with the Z-boson,
hence scattering cross sections with nuclei can be small. In addition, the coupling between
additional complex scalar and the SM Higgs doublet is also limited by renormarizability
and null results of direct DM searches. Such small scalar coupling leads the overabundance
of the WIMP. Mixed scalar WIMPs can avoid the constraints of the scattering cross section
with nuclei and the relic density simultaneously. For example, the mixed sneutrino models
are contained in this category [10, 11, 12, 15, 16]. The mixed complex scalar model is
the non-SUSY effective theory of the mixed sneutrino models. Thus, we can discuss the
testability of the model without SUSY constraints.
Universal extra dimension models
The lightest KK particle (LKP) in the UED models [17] can act as a WIMP candidate.
In UED models, all the SM particles are assumed to propagate in compactified extra
dimensions, hence these particles have KK modes. The KK mass spectrum is written
in terms of KK number n as m(n) = n/R, where R is the size of the extra dimensions.
6Hence, the momentum conservation along the extra dimensions is corresponding to the
KK number conservation. An orbifold compactification leads to SM chiral fermion, and
breaks the momentum conservation. However, the KK-parity conservation still remains.
Under the parity, the SM particles and even KK particles carry +1 charge and odd
KK particles carry −1 charge. Therefore, the LKP is stabilized and becomes a WIMP
candidate.
In the minimal UED (mUED) model, one compactified extra dimension S1/Z2 is
assumed. The S1 compactification leads to the breaking of the 5D Lorentz invariance,
while the Z2 orbifold violates the 5D momentum conservation. As a result, radiative
corrections generate KK mass splitting. In various UED models as well as the mUED,
mass spectra of KK particles have been investigated [18, 19, 20]. In UED models some
KK particle masses are degenerate, hence it has been known that the coannihilation
processes can contribute to the result of the relic density calculation [21, 22, 23, 24, 25, 26].
However, in phenomenological UED (pUED) model, in which all the KK particle masses
are free parameters, the calculation of the relic density including all the coannihilation
and resonance processes has not been studies. We should show the effect to the LKP
abundance by the other degenerate KK particles.
Testability of asymmetric dark matter scenarios
The typical mass scale in ADM scenarios is of the order of 1 GeV. Mixed complex scalar
WIMPs with a mass of about 1 GeV can be consistent with phenomenological constraints
through the annihilation modes via a light additional fermions [15, 27]. The mixed com-
plex scalar models with a Dirac fermion can realize WIMP and ADM scenarios. Therefore,
we can compare the testability of these scenarios in the same mass range and discuss the
possibility of the distinction of the scenarios at experiments.
Organization
This thesis is organized as follows. In part II, after reviewing the SM in chapter 1 and
problems beyond the SM in chapter 2, we discuss dark matter in chapter 3 and popular
extended models with dark matter candidates in chapter 4. In part III, we present our
studies of testability of some dark matter models: mixed sneutrino models in chapter
5, mixed complex scalar models with a Majorana fermion in chapter 6, universal extra
dimension models in chapter 7, and mixed complex scalar models with a Dirac fermion
in chapter 8. Finally, we summarize this thesis in part IV.
Part II
The standard model and beyond
7

Chapter 1
The standard model and Higgs
mechanism
In this chapter, we review the SM and the Higgs mechanism. First, we introduce the
Lagrangian of the SM. We explain the Higgs mechanism and show the gauge boson masses
produced by the gauge interaction terms in the next section. In third section, we calculate
the fermion masses from Yukawa couplings with the Higgs boson.
1.1 Lagrangian and particle contents
The SM Lagrangian is invariant under the SU(3)c × SU(2)L × U(1)Y symmetry and
constructed from gauge, matter, Higgs and Yukawa sectors,
LSM = Lgauge + Lmatter + LHiggs + LYukawa. (1.1)
The quantum numbers of SM particles are listed in Table 1.1. Left-handed (LH) and
right-handed (RH) fermions are written by projection operators,
ψL ≡ 1− γ5
2
ψ, ψR ≡ 1 + γ5
2
ψ. (1.2)
The left-handed quarks and leptons act as the doublets under SU(2)L symmetry,
QL =
(
uL
dL
)
, LL =
(
νL
eL
)
. (1.3)
On the other hand, right-handed up-type quarks uR, down-type ones eR, and charged
electrons eR are SU(2)L singlets. The Higgs doublet φ is SU(2)L doublet scalar so that
9
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Table 1.1: The standard model particle contents. Hypercharge Y is defined by Y =
Q− T 3.
SU(3)C SU(2)L U(1)Y
LH quark QL 3 2 1/6
RH up-type quark uR 3 1 2/3
RH down-type quark dR 3 1 −1/3
LH lepton LL 1 2 −1/2
RH charged lepton eR 1 1 −1
Gluon Gcµ 8 1 0
W boson W aµ 1 3 0
B boson Bµ 1 1 0
Higgs doublet φ 1 2 1/2
the Higgs doublet have two degrees of freedom,
φ =
(
φ+
φ0
)
=
1√
2
(
φ1 + iφ2
φ3 + iφ4
)
. (1.4)
The gauge sector Lgauge contains the kinetic terms of gluon, W -boson, and B-boson,
Lgauge = −1
4
GcµνG
c µν − 1
4
W aµνW
a µν − 1
4
BµνB
µν , (1.5)
where µ and ν = 0−3, c = 1−8, a = 1−3. The definitions of the anti-symmetric tensors
are
Gaµν ≡ ∂µGaν − ∂νGaµ − gsfabcGbµGcν , (1.6)
W aµν ≡ ∂µW aν − ∂νW aµ − gabcW bµW cν , (1.7)
Bµν ≡ ∂µBν − ∂νBµ, (1.8)
where fabc and abc are the structure constants of SU(3)c and SU(2)L respectively. It
must be noted that the gauge boson mass terms are prohibited by the gauge principle.
In the matter sector, the kinetic terms of quarks and leptons are written by
Lmatter = QLγµ
(
i∂µ − gsλ
c
2
Gcµ − g
τa
2
W aµ − g′
Y
2
Bµ
)
QL
+qRγ
µ
(
i∂µ − gsλ
c
2
Gcµ − g′
Y
2
Bµ
)
qR
+LLγ
µ
(
i∂µ − g τ
a
2
W aµ − g′
Y
2
Bµ
)
LL + eRγ
µ
(
i∂µ − g′Y
2
Bµ
)
eR. (1.9)
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The couplings between matter particles and gauge bosons are required by the local gauge
symmetry.
In the Higgs sector, the kinetic term of the Higgs doublet and the Higgs potential are
given by
LHiggs =
∣∣∣∣(i∂µ − g12τaW aµ − g′Y2 Bµ
)
φ
∣∣∣∣2 − V (φ), (1.10)
V (φ) = µ2φ†φ+ λ(φ†φ)2, (1.11)
where the mass parameter is assumed to be negative µ2 < 0. The Higgs potential in the
Higgs sector has an important role in the particle mass production mechanism.
In the Yukawa sector, the couplings between fermions and Higgs doublet are written
as follows,
LYukawa = −YuQLφcuR − YdQLφdR − YeLLφeR + h.c., (1.12)
where we have used φc,
φc = −iτ2φ∗ =
(−φ0∗
φ−
)
. (1.13)
The τ2 is the second Pauli matrix.
1.2 Spontaneously symmetry breaking and Higgs mech-
anism
In this section, we review the Higgs mechanism and calculate the gauge boson masses.
The gauge theory enable one to calculate precisely observable of elemental particle phe-
nomena but prohibit the mass terms of the particles. In the SM, a Higgs doublet scalar
has been introduced. According to the form of the Higgs potential, the Higgs boson ob-
tains a vacuum expectation value, and the electroweak symmetry breaks spontaneously
to the electromagnetic one. Through the symmetry breaking, the gauge boson masses are
produced from the Higgs sector.
The scalar potential Eq. (1.11) with the negative mass term has local minimum at the
point where the vacuum expectation value of the Higgs fields is nonzero. Because of the
minimum, the Higgs field have a nonzero vacuum expectation value and the electroweak
symmetry breaks spontaneously to the electromagnetic one, SU(2)L×U(1)Y → U(1)EM .
12 CHAPTER 1. THE STANDARD MODEL AND HIGGS MECHANISM
In the standard model, we choose the vacuum expectation value of the Higgs fields,
〈φ〉 ≡
√
1
2
(
0
v
)
. (1.14)
Through the spontaneously symmetry breaking, three Higgs fields φ1, φ2, and φ4 in Eq.
(1.4) are absorbed to the longitudinal wave components of the gauge bosons. The re-
mained Higgs field φ3 = h is a physical particle spectrum. Then, the Higgs doublet after
the symmetry breaking is rewritten by
φ→
√
1
2
(
0
v + h
)
, φc →
√
1
2
(
v + h
0
)
(1.15)
From the kinetic terms in the Higgs sector Eq. 1.10 after the symmetry breaking, we
obtain the mass terms of gauge bosons,∣∣∣∣(i∂µ − g12τaW aµ − g′Y2 Bµ
)
φ
∣∣∣∣2 → (12vg
)2
W+µ W
− µ
+
1
8
v2(W 3µ , Bµ)
(
g2 −gg′
−gg′ g′2
)(
W 3 µ
B µ
)
+ · · · (1.16)
The first term corresponds to the mass term of the W±-bosons W±µ = W
1
µ ∓ iW 2µ ,
MW± =
1
2
vg. (1.17)
Since the eigenvalues of the mass matrix of W 3- and B-bosons are 0 and g2 + g′2, the
second term is modified as follows,
1
8
v2(W 3µ , Bµ)
(
g2 −gg′
−gg′ g′2
)(
W 3 µ
B µ
)
=
1
8
v2(g2 + g′2)
[
gW 3µ − g′Bµ√
g2 + g′2
]2
+0×
[
g′W 3µ + gBµ√
g2 + g′2
]2
. (1.18)
Since the two terms are equivalent to the mass terms of Z-boson and photon Aµ,
1
2
M2ZZ
2
µ+
1
2
M2AA
2
µ, these neutral gauge bosons and these masses are given by
Zµ =
gW 3µ − g′Bµ√
g2 + g′2
, MZ =
1
2
v
√
g2 + g′2, (1.19)
Aµ =
g′W 3µ + gBµ√
g2 + g′2
, MA = 0. (1.20)
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The gauge boson mixing is written by using the Weinberg angle cos θW = g/
√
g2 + g′2,(
Zµ
A µ
)
=
(
cos θW − sin θW
sin θW cos θW
)(
W 3 µ
B µ
)
. (1.21)
The mass ratio between W and Z bosons can be expressed in terms of the Weinberg angle,
MW
MZ
= cos θW . (1.22)
1.3 Yukawa interaction and fermion masses
We explain that the Yukawa couplings generate the fermion masses through the symmetry
breaking and the masses are proportional to the Yukawa coupling constant.
The Yukawa couplings in Eq. (1.12) are rewritten after the electroweak symmetry
breaking as follows,
LYukawa → − Yu√
2
vu¯LuR −
Yd√
2
vd¯LdR −
Ye√
2
ve¯LeR
− Ye√
2
u¯LuRh−
Ye√
2
e¯LeRh− Ye√
2
d¯LdRh+ h.c. (1.23)
= −muu¯u−mdd¯d−mee¯e−
mu
v
u¯uh− md
v
d¯dh− me
v
e¯eh, (1.24)
where fermion masses is given by mf = Yfv/
√
2.
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Chapter 2
Problems beyond the standard
model
The SM can explain precisely phenomena in colliders. However, the SM has theoretical
problems, and there are experimental results which the SM cannot describe. In this
chapter, we review theoretical and experimental problems beyond the SM.
2.1 Hierarchy problem
We explain the hierarchy problem which is known as the theoretical problem of the SM.
The radiative collections to the squared mass of the Higgs boson contain the contribution
from the top quark. Since the contribution term is proportional to squared cut-off scale
of the SM, the difference between the bare mass and radiative correction must be tunes
finely to realize the physical mass of the Higgs boson. The fine tune of the parameters
is called the Hierarchy problem. The problem can be avoided in supersymmetric models,
extra dimension models and so on.
The physical mass of the Higgs boson, which we can measure, is effected by radiative
correction,
m2physical = m
2
0 + δm
2, (2.1)
where m0 and δm denote the bare mass and the contribution from radiative correction.
The contribution from a fermion loop is proportional to the square of cut-off scale and
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Figure 2.1: Radiative corrections to the squared Higgs boson mass by the fermion loop.
does not depend on the Higgs boson mass,
Πfhh(0) = −
∫
d4k
(2pi)4
Tr
(
−i Yf√
2
)
i
k −mf
(
−i Yf√
2
)
i
k −mf
= −2Y 2f
∫
d4k
(2pi)4
[
1
k2 −m2f
+
2m2f
(k2 −m2f )2
]
. (2.2)
We refer often to the grand unification theory scale or Planck mass scale as cut-off scale.
The hierarchy problem can be improved by introducing new scalar particles. The
couplings among sfermions f˜L, f˜R and theHiggs boson are
Lf˜ f˜φ = λ˜f |φ|2(|f˜L|2 + |f˜R|2) + (λfAfφf˜Lf˜ ∗R + h.c.)
→ 1
2
λ˜fh
2(|f˜L|2 + |f˜R|2) + vλ˜fh(|f˜L|2 + |f˜R|2)
+
h√
2
(λfAf f˜Lf˜
∗
R + h.c.) + · · · (2.3)
The contribution of the sfermion loop to the square of the Higgs boson mass is given
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Figure 2.2: Radiative corrections to the squared Higgs boson mass by the sfermion loop.
by,
Πf˜hh(0) = −λ˜f
∫
d4k
(2pi)4
(
1
k2 −m2
f˜L
+
1
k2 −m2
f˜R
)
+(λ˜fv)
2
∫
d4k
(2pi)4
[
1
(k2 −m2
f˜L
)2
+
1
(k2 −m2
f˜R
)2
]
+|λ˜fAf |2
∫
d4k
(2pi)4
1
k2 −m2
f˜L
1
k2 −m2
f˜R
. (2.4)
The first line is led from the 4-point coupling between sfermions and the Higgs boson and
proportional to the square of cut-off scale. The cancelation between the terms proportional
to the square of cut-off scale in Eqs. (2.2) and (2.4) require the condition,
λ˜f = −λ2f . (2.5)
The cancelation does not depend on mf˜L , mf˜R , and Af . We take the following transporta-
tion using the renormalization scale µ in order to vanish the rest terms,∫
d4k
ipi2
(
1
k2 −m21
+
1
k2 −m22
)
≡ (m21 −m22)B0(0,m21,m22)m21
(
1− ln m
2
1
µ2
)
−m22
(
1− ln m
2
2
µ2
)
, (2.6)∫
d4k
ipi2
1
(k2 −m2)2 → − ln
m2
µ2
. (2.7)
It is assumed that the masses of the left- and right-handed sfermions are equal,
mf˜L = mf˜R ≡ mf˜ . (2.8)
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Using Eqs.(2.5)-(2.8), the sum of the corrections of the fermion loop Eq.(2.2) and the
sfermion one Eq. (2.4) is calculated as follows,
Πfhh(0) + Π
f˜
hh(0) = i
λ2f
16pi2
[
−2m2f
(
1− ln m
2
f
µ2
)
+ 4m2f ln
m2f
µ2
+ 2m2
f˜
(
1− ln
m2
f˜
µ2
)
−4m2f ln
mf˜2
µ2
− |Af |2 ln
mf˜2
µ2
]
. (2.9)
If the sfermion mass is equal to the fermion mass and the 3-point interaction among the
Higgs boson and the left- and right-handed sfermions is absent,
mf = mf˜ (2.10)
Af˜ = 0, (2.11)
the contribution in Eq. (2.9) is vanish. The three conditions we assumed Eqs. (2.5),
(2.8), and (2.11) can be realized by imposing the supersymmetry.
2.2 Dark matter
The existence of dark matter has been discovered through various astronomical observa-
tions. In observations of the rotation curves in galaxies, for example, the results have
suggested that there are spherical and invisible mass distributions in the galaxies. Dark
matter interacts to some other particle via gravity but not electromagnetic forces, and
have a life time longer than that of the Universe. The relic abundance of dark matter in
the Universe have been measured through the analysis of the fluctuation of the cosmic
microwave background. However, the SM does not contain a dark matter candidate. The
results of dark matter searches constrain parameter regions of extended models with a
dark matter particle.
2.3 Neutrino oscillation
Neutrino oscillation phenomena are discovered by the studies of the neutrino problem:
the disagreement between the observable and the prospect value of the neutrino fluxes
from the sun and the atmosphere. Neutrinos change into the other flavor eigenstates.
The transition rates depend on the differences between squared mass eigenvalues of the
neutrinos. Thus, the neutrinos have masses, which is regarded as zero in the SM. Various
experiments of neutrino oscillations have been observing the mixing angles and the squared
mass differences at presence.
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2.4 Baryon asymmetry
There are anti-particles corresponding to each particles in the SM. In the Universe, how-
ever, the abundance of the anti-particles is more smaller than that of the particles,
η =
nB
nγ
≈ 6.05× 10−10. (2.12)
This asymmetry should be produced in the early universe. In Ref. [28], it has been pointed
out that the three conditions are needed to realize the baryon asymmetry of the Universe.
The SM can not satisfy the condition. Baryogenesis, leptogenesis and so on are known as
scenarios for the asymmetry.
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Chapter 3
Cosmology and dark matter
In this chapter, we review the standard cosmology and the dark matter problem
3.1 Standard cosmology
We explain the standard cosmology. The standard cosmology is constructed by the three
experimental facts: the red shift, the cosmic microwave background, and the big bang
nucleosynthesis. In the standard cosmology, the energy density of the Universe is written
in terms of the Hubble parameter and the scale factor, and the Universe is known flat
from precision observations.
It is known that the wave length from a star we observe is stretched by a red-shift,
λobservation = (1 + z)λstar. (3.1)
The Hubble law shows that the red-shift factor z > 0 is proportional to the distance
between the star and the Earth,
H0d = z +O(z2). (3.2)
The Hubble constant H0 is written in terms of a dimensionless parameter h,
H0 =
100 km
sec ·Mpch. (3.3)
In cosmology, the Universe is homogeneous isotropy, and cosmology is written in terms
of the Friedmann-Robertson-Walker metric,
ds2 = gµνdx
µdxν = dt2 −R2(t)
[
dr2
1− kr2 + r
2dθ2 + r2 sin2 θdφ2
]
, (3.4)
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where r in the spherical coordinate system (r, θ, φ) is a dimensionless parameter, and the
scale factor R(t) have one dimension of length. The parameter t means the time of the
Universe, and t = 0 is assumed at the big bang. The k = −1, 0, 1 parameter corresponds
to the opened (−1), flat (0), and closed (+1) Universe. The Hubble parameter H(t) is
rewritten by R(t) as follows,
H(t) =
dR(t)
dt
R(t)
=
R˙(t)
R(t)
. (3.5)
The present Hubble parameter is equal to the Hubble constant H0 in Eq.(3.3). If t = t0
is the present, the Hubble parameter in present is defined by
H0 ≡ H(t0). (3.6)
The red shift is rewritten from Eq.(3.1),
1 + z =
R(t)
R(t0)
. (3.7)
The Einstein equation denotes the time dependence of the scale factor R(t)
Rµν − 1
2
gµνR = 8piGNTµν , (3.8)
whereRµν , R, and GN are the Ricci tensor, the curvature scalar, and the Newton constant
respectively. The energy-momentum tensor in the orthogonal coordinate system is given
by,
T νµ = diag(ρ,−p,−p,−p), (3.9)
where ρ means the energy density and p denotes the pressure. The energy density and
the pressure are related by the equation of state,
non− relativisticmatter : p ρ, (3.10)
radiation : p =
ρ
3
, (3.11)
vacuumenergy : p = −ρ. (3.12)
These equations are gathered by p = wρ (w = 0, 1/3,−1). The energy densities ρ of
matter and radiation are the products of energy E and number density n, ρ = En. In the
non-relativistic matter case, energy of matter is equal to the mass, and does not depend on
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the expansion of the Universe, which is denoted by the scale factor R(t), Ematter ' mmatter.
Since energy of radiation is decreased by the red-shift, Erad ∝ R−1. The number densities
of matter and radiation are suppressed by the universal expansion, n ∝ R−3. On the other
hand, the energy density of the vacuum is constant. Therefore, the R(t) dependence of
the energy densities in the cases is rewritten by
non− relativistic matter : ρ(R) ∝ R−3, (3.13)
radiation : ρ(R) ∝ R−4, (3.14)
vacuum energy : ρ(R) = const.. (3.15)
Using w = 0, 1/3, 0, we obtain ρ ∝ R−3(1+w). According to the energy densities, it is
understood that the early Universe had been dominated by radiation.
From the (0, 0) component of the Einstein equation, the following equation is led
R˙2
R2
+
k
R2
=
8piGN
3
ρ. (3.16)
This equation can be transformed by the Hubble parameter in Eq.(3.5) as follows,
1 +
k
H2R2
=
ρ
ρc
≡ Ω, (3.17)
with k = −1, 0, 1 and the critical density ρc = 3H3/8piGN . The ratio of the energy
density to the critical density Ω denotes the opened (Ω < 1), flat (Ω = 1), and closed
(Ω > 1) Universe. Ω is precisely measured through the observations of the fluctuation of
the cosmic microwave background, and it has been known that the Universe is flat.
3.2 Evidences of dark matter
In this section, we present the evidences of the existence of dark matter through astronom-
ical observations: the rotation curves of galaxies, gravity lensings, the collisions of galaxy
clusters, the large-scale structure of the universe, and the cosmic microwave background.
From such evidences, a dark matter candidate is electromagnetically neutral, have a mass
enough to be non-relativistic and a lifetime longer than the Universe.
Motion of stars, planets, galaxies, and clusters is determined by the attractive gravity
force. In fact, the motion of planets in the solar system agrees with the theoretical
prediction (Fig. 3.1). The equation of motion of the planets along the radial direction is
given by
mv2
r
= G
mM
r2
, (3.18)
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Figure 3.1: Rotational curves of planets in the solar system. 1 Astronomical Unit (AU)
= distance the Earth to the Sun ∼ 1.5× 1011 m.
with the planet mass m, the mass of the Sun M , and r is the distance between the planet
and the Sun. The theoretical rotation curves is obtained from Eq. (3.18),
v =
√
GM/r. (3.19)
As shown in Fig. 3.1, the orbital velocity decreases like v ∼ r−1/2.
The rotational curves of stars in a galaxy do not decrease as in the solar system. The
solar mass M in Eq. (3.18) is modified to,
M ′ =
∫ r
0
dV ρ(r). (3.20)
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The mass density of the galaxy ρ(r) is required to be proportional to r−2 from the flat
orbital velocity,
v =
√
GM ′/r =
√
G
∫ r
0
dV ρ(r)
r
∼
√
Gr3ρ(r)
r
∼
√
Gr3r−2
r
= const.. (3.21)
This observational results show that there is dark matter in the galactic halo, which can
not be observed optically and is distributed by ρ ∼ r−2.
Gravity lensing effect twists a image of a star if there is a gravity source between the
star and the observing point. The astronomical researches have discovered that there are
gravity sources which are not able to be observed optically.
The observations of the fluctuation of the CMB shows the construction of the energy
density of the Universe. The results point out that the energy density of cold dark matter
is five times as large as those of the baryonic matter. The relic density of cold dark matter
constrains parameter regions of DM models.
3.3 WIMP scenarios
In this section, we explain weakly interacting massive particle scenarios. In such scenarios,
it is assumed that a WIMP is in equilibrium in the early Universe, and freeze-out due to
the expansion of the Universe. The freeze-out temperature xF is given by
xF = ln
0.382cMχMPlgχ〈σannv〉(xF )√
xFg∗s
, (3.22)
with c =
√
2−1, the WIMP mass Mχ, the Planck mass MPl =
√
~c/GN = 1.2×1019 GeV,
the internal degree of freedom of the WIMP, the thermal average of the annihilation cross
section of the WIMP in the freeze-out temperature 〈σannv〉(xF ). g∗s means the effective
number of the degree of freedom of the particles in the thermal equilibrium, and is given
as follows,
g∗s =
∑
bosons
gi
(
Ti
T
)3
+
7
8
∑
fermions
gi
(
Ti
T
)3
, (3.23)
where Ti denotes the freeze-out temperature of the particle i, and T is the photon tem-
perature. The relic density of a WIMP is written by
Ωh2 =
2.09× 108GeV−1
MPl
√
g∗s(xF )J(xF )
, (3.24)
26 CHAPTER 3. COSMOLOGY AND DARK MATTER
where J(xF ) is given as follows,
J(xF ) =
∫ ∞
xF
dx
〈σv〉
x2
. (3.25)
The relic density is rewritten approximately,
Ωh2 ∼ 0.1
(
1 pb
〈σv〉
)
. (3.26)
The annihilation cross section is given approximately in terms of mWIMP and a new
coupling constant α = g2/4pi,
〈σv〉 ∼ α
2
m2WIMP
= 4× 103α2
(
1 TeV
mWIMP
)2
pb. (3.27)
For g ∼ 0.5, the WIMP scenario with the mass of 1 TeV can satisfy the observable of the
relic density of cold dark matter.
3.4 Asymmetric dark matter scenarios
We review asymmetric dark matter (ADM) scenarios. ADM scenarios relate the relic
densities of baryon and dark matter. It is assumed that the asymmetry between a dark
matter particle and its anti-particle produced in the early universe such as the baryogenesis
and leptogenesis. The typical dark matter mass in the ADM scenarios is as large as baryon.
3.5 Dark matter searches
We present dark matter searches. Direct detections can impose the upper limits on
the DM-nucleon scattering cross section. Indirect detections are able to constrain the
annihilation cross sections of a dark matter particle. At collider experiments, a dark
matter particle is searched through the missing energy searches.
Chapter 4
Extended models with dark matter
candidates
In this chapter, we review extended models with dark matter candidate.
4.1 Supersymmetry
Supersymmetry is the symmetry of the transform from fermions (bosons) to bosons
(fermions). Supersymmetric models can relax the hierarchy problem because of the can-
celation of the terms proportional to Λ2 with the SM particles or the superpartners.
R-parity is imposed in SUSY models to prohibit the proton decay process. The lightest
SUSY particle can not decay to SM particles under the R-parity symmetry. Therefore,
the LSP is stable and able to be a DM candidate.
4.1.1 Minimal Supersymmetric Standard Model
We present the minimal supersymmetric standard model. The MSSM is one of the sim-
plest SUSY models. The SM fermions, quarks q and leptons l, obtain scalar bosons,
squarks q˜ and sleptons l˜ respectively, which have the same SU(3)×SU(2)×U(1) charges
of q and l. Gauginos, winos W˜ and bino B˜, are added as the superpartner of the SM
gauge bosons, W - and B-bosons. In the MSSM, there are two Higgs doublets, Hu and
Hd which have the Yukawa coupling with up-type quarks and neutrinos, and down-type
quark and charged leptons respectively. Additional fermions, Higgsinos H˜u and H˜d, are
introduced as SUSY particles associated to the Higgs doublets.
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Table 4.1: Chiral super multiplets in the MSSM.
superfield spin 0 spin 1/2 SU(3)C SU(2)L U(1)Y
QL (u˜L d˜L) (uL dL) 3 2 1/6
UR u˜
∗
R u
†
R 3 1 2/3
DR d˜
∗
R d
†
R 3 1 −1/3
LL (ν˜L e˜L) (νL eL) 1 2 −1/2
ER e˜
∗
R e
†
R 1 1 −1
Hu (h
+
u h
0
u) (h˜
+
u h˜
0
u) 1 2 1/2
Hd (h
0
d h
−
d ) (h˜
0
d h˜
−
d ) 1 2 -1/2
Table 4.2: Gauge supermultiplets in the MSSM.
spin 1/2 spin 1 SU(3)C SU(2)L U(1)Y
gluino, gluon g˜ g 8 1 0
winos, W bosons W˜± W˜ 0 W± W 0 1 3 0
bino, B bosons B˜ B 1 1 0
Superfields, which denote chiral super multiplets and gauge super multiplets, are given
as follows.
QL = q˜L +
√
2 qLθ + Fqθ
2, (4.1)
LL = l˜L +
√
2 lLθ + Flθ
2, (4.2)
UR = u˜
c
R +
√
2 ucRθ + Fuθ
2, (4.3)
DR = d˜
c
R +
√
2 dcRθ + Fdθ
2, (4.4)
ER = e˜
c
R +
√
2 ecRθ + Feθ
2, (4.5)
Hu = hu +
√
2 h˜uθ + Fhuθ
2, (4.6)
Hd = hd +
√
2 h˜dθ + Fhdθ
2. (4.7)
The charges of the MSSM superfields are listed in Table 4.1 and 4.2.
The vacuum expectation values of the neutral Higgs bosons h0u, h
0
d are
〈h0u〉 = vu, 〈h0d〉 = vd. (4.8)
The sum of these squared values is equal to the square of the vacuum expectation value
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in the SM,
v2u + v
2
d = v
2 =
2m2Z
g2 + g′2
= (246 GeV)2. (4.9)
The ratio of vu to vd are regarded as tan β,
tan β ≡ vu
vd
. (4.10)
From Eqs. (4.9) and (4.10), we obtain
vu = v sin β, vd = v cos β. (4.11)
After the electroweak symmetry breaking, the remaining real fields of H construct mass
eigenstates, h0, H0, H+, A0, G0, and G+, with mixing angles, α, β0, and β±,(
h0u
h0d
)
=
(
vu
vd
)
+
1√
2
Rα
(
h0
H0
)
+
i√
2
Rβ0
(
G0
A0
)
, (4.12)(
H+u
H−∗d
)
= Rβ±
(
G+
H+
)
(4.13)
with
Rα =
(
cosα sinα
− sinα cosα
)
, (4.14)
Rβ0 =
(
cos β0 sin β0
− sin β0 cos β0
)
, Rβ± =
(
cos β± sin β±
− sin β± cos β±
)
. (4.15)
In the superpotential, there are the SUSY conserving terms which break the baryon
and lepton number,
W ⊃ WRPV = αQLLLD¯R + βLLLLE¯R + δD¯RD¯RU¯R + µ′LLHu. (4.16)
From the first and third terms, we obtain the interactions causing the proton decay,
LSUSY = W |θ2 ⊃ αqLlLd˜cR + δd˜cRdcRucR. (4.17)
However, the null results of proton decay searches, e.g. Super Kamiokande, impose the
lower bound on the lifetime of a proton.We introduce the R-parity to prohibit the terms
which happen the proton decay,
PR = (−1)3(B−L)+2s =
{
+1 for SM particles
−1 for SUSY particles , (4.18)
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where B and L denote the baryon and lepton number, and s means the size of the spin
angular momentum. The interaction terms in Eq. (4.17) break this R-parity symmetry.
Under the R-parity, the Lightest Supersymmtric Particle (LSP) can not decay to a
pair of SM particles. Thus, the LSP is a stable particle, and the LSP interacting weakly
become a DM candidate.
4.1.2 Constraint MSSM
We explain the constraint MSSM. The masses of the lighter stau, the lightest chargino,
and the lightest neutralino are given by the radiative correction,
m2τ˜1 ≈ m2τ˜R(µEW) ≈ m2τ˜R(Λ) + 0.15m2B˜(Λ), (4.19)
mχ˜±1 ≈ mW˜ (µEW) ≈ 0.83mW˜ (Λ), (4.20)
mχ˜01 ≈ mB˜(µEW) ≈ 0.43mB˜(Λ), (4.21)
with the electroweak scale µEW and the cut-off scale Λ. In the Constraint MSSM (CMSSM),
the gaugino (sfermion) masses in the cut-off scale are assumed to be the same value m1/2
(m0),
mB˜(Λ) = mW˜ (Λ) = mG˜(Λ) = m1/2, (4.22)
m2τ˜R(Λ) = m
2
L˜
(Λ) = · · · = m20. (4.23)
The following approximate equations are given by using m1/2 and m0,
m2τ˜1 ≈ m20 + 0.15 m21/2, (4.24)
mχ˜±1 ≈ 0.83 m1/2, (4.25)
mχ˜01 ≈ 0.43 m1/2. (4.26)
(4.27)
The SM-like Higgs boson mass is calculated taking the loop correction into account,
m2h loop = m
2
Z +
3GF√
2pi2
[
m4t ln
M2s
m2t
+
A2t
M2s
m4t
(
1− 1
12
A2t
M2s
)]
, (4.28)
where At is the trilinear coupling constant among the left- and right-handed stops, and
the SM-like Higgs boson,
Lt˜L t˜Rh = ytAtt˜ ∗L t˜Rh, (4.29)
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and Ms is given by the mass eigenvalues of stops, mt˜1 and mt˜2 ,
Ms(µSUSY) =
√
mt˜1(µSUSY)mt˜2(µSUSY). (4.30)
These mass eigenvalues in the electroweak scale are given as follows,
m2t˜1 ≈ m2t˜R ≈ m20 + 5.3m21/2, (4.31)
m2t˜2 ≈ m2t˜L ≈ m20 + 5.7m21/2. (4.32)
Therefore, Ms is approximated at
Ms(µEW) ≈ [(m20 + 5.3m21/2)(m20 + 5.7m21/2)]1/4. (4.33)
Thus, we have obtained the masses of the lighter stau, the lightest chargino, the lightest
neutralino, and the SM-like Higgs boson. In Fig. 6.2, the constraints on the CMSSM are
shown. The colored region is prohibited since the lighter stau become the charged LSP.
The left from the magenta line is excluded by the lower limit of the lightest chargino mass
at the LEP experiments. The red lines mean the contour line of the SM-like Higgs boson
mass.
In SUSY models, the lightest neutralino is known as a suitable dark matter candidate.
The relic density of the neutralino is calculated based on the WIMP scenario. We have
used micrOMEGAs for the relic density calculation. Fig. 4.2 shows the region where the
relic density is consistent with the observable Ωh2 = 0.112± 0.012 [?].
4.2 Inert dark matter models
We present inert dark matter models. In such models, we introduce a DM particle and a
new symmetry guarantees the long lifetime of the DM candidate. The extension in the
models is one of the bottom up approaches to the DM problem.
In this section, we introduce the inert doublet model. In such a model, the new doublet
scalar η = (η+, η0) and the Z − 2 symmetry are added. The SM particles are Z2 even,
while the inert doublet is Z2-odd (Table 4.3). The scalar potential is extended as follows,
V = µ2H(H
†H) +
λ1
2
(H†H)2
+µ2η(η
†η) +
λ2
2
(η†η)2 + λ3(H†H)(η†η) + λ4(H†η)(η†H) (4.34)
+
λ5
2
[(H†η)2 + h.c.],
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Figure 4.1: Constraints on the parameter regions of the CMSSM. The colored region is
prohibited since the lighter stau become the charged LSP. The left from the magenta line
is excluded by the lower limit of the lightest chargino mass at the LEP experiments. The
red lines mean the contour line of the SM-like Higgs boson mass.
After the electroweak symmetry breaking, the potential is rewritten by
V →
(
µ2η +
λ3 + λ4
2
v2
)
η0∗η0 +
(
µ2η +
λ3
2
v2
)
η+η−
+
(
µ2η +
λ5
4
v2
){
(η0)2 + (η0∗)2
}
+ · · · , (4.35)
with η− ≡ (η+)∗. The neutral component of the inert doublet is constructed by two real
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Figure 4.2: Constraints on the parameter region of the neutralino WIMP scenarios.
scalars S and A, η0 = S + iA. Therefore, Eq. (4.36) is transformed by
V =
(
µ2η +
λ3 + λ4 + λ5
2
v2
)
S2 +
(
µ2η +
λ3 + λ4 − λ5
2
v2
)
A2
+
(
µ2η +
λ3
2
v2
)
η+η− + · · · . (4.36)
The mass eigenvalues of the additional scalars are given by
m2S = µ
2
η +
1
2
(λ3 + λ4 + λ5)v
2, (4.37)
m2A = µ
2
η +
1
2
(λ3 + λ4 − λ5)v2, (4.38)
m2η± = µ
2
η +
1
2
λ3v
2. (4.39)
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Table 4.3: The quantum numbers of the electroweak particles in the inert doublet model.
SU(3)C SU(2)L U(1)Y Z2
SM fermions and gauge bosons +1
SM Higgs doublet (H) 1 2 +1/2 +1
Inert scalar doublet (η) 1 2 +1/2 −1
Since the Z2 symmetry guarantees the stability of the lightest additional particle, S and
A can become a WIMP dark matter candidate.
Part III
Testability of dark matter models
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Chapter 5
Mixed sneutrino model
In this chapter, we focus on a SUSY model with right-handed neutrino supermultiplets.
The right-handed neutrinos produce Dirac neutrino masses. Extended models with SUSY
particles can improve the hierarchy problem by the cancelations between the quantum
corrections to the squared Higgs boson mass from the SM particles and those from their
superpartners. The right-handed sneutrinos can mix with left-handed ones. If the lighter
mixed sneutrino is the LSP, the sneutrino acts as a WIMP candidate[10, 12, 29]. Earlier
works analyze parameter regions with the gaugino mass universality and find that there
are allowed regions where the mixed sneutrino dark matter mass is heavier than half of
the Higgs boson one. However, the lighter mass regions are excluded by the limits of the
relic density and the branching ratio of the Higgs boson invisible decay.
We explore the GeV-mass mixed sneutrino dark matter scenarios relaxing the gaugino
mass universality. In such a mass region, dark matter direct detections are insensitive
because of their energy thresholds, and a large sneutrino trilinear coupling triggers a
deeper vacuum than the SM-like one. We calculate the decay rate of the false vacuum
neglected in earlier works and impose the vacuum stability bound on parameter space.
We show that there is a region consistent with all phenomenological constraints, and the
allowed region can be examined by the search for the Higgs boson invisible decay at future
colliders.
5.1 Model
The mixed sneutrino model contains right-handed neutrinos νRi and sneutrinos ν˜Ri in
addition to the usual particles of the Minimal Supersymmetric Standard Model (MSSM).
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Here, the index i = 1, 2, 3 denotes the generation. The superpotential is given as follows,
W = µHT1 H2 + yuH
T
2 qd
c
R + yτH
T
1 lτ
c
R + yνH
T
2 lν
c
R, (5.1)
where only the first (third) generation of the squarks (sleptons) is written for the sake
of simplicity. Neutrino Yukawa interaction, sneutrino soft mass, and sneutrino trilinear
coupling terms are introduced to the MSSM Lagrangian. The soft masses and the trilinear
couplings among the right-handed sneutrino, the left-handed slepton doublet ˜`i, and the
Higgs doublet with hypercharge Y = +1/2, hu are written as
∆Lsoft = m2N˜i |ν˜Ri|
2 + Aν˜i
˜`
iν˜
∗
Rihu + h.c. , (5.2)
where mN˜i denote the soft mass parameters of the right-handed sneutrinos, and Aν˜i are the
sneutrino trilinear coupling constants. After the Higgs bosons develop vacuum expectation
values, the couplings contribute to non-diagonal components of the sneutrino mass matrix,
LSUSY ⊃ −Aν˜〈hTu 〉l˜Lν˜cR + h.c.
= −Aν˜
(
0,
1√
2
v sin β
)(
0 −1
1 0
)(
ν˜L
e˜L
)
ν˜∗R + h.c.
= − v√
2
Aν sin βν˜
∗
Rν˜L + h.c.. (5.3)
The mass matrix for one generation is given by
−Lmass = (ν˜∗L, ν˜∗R)
(
m2
L˜
+ 1
2
m2z cos 2β
v√
2
Aν sin β
v√
2
Aν sin β m
2
N˜
)(
ν˜L
ν˜R
)
≡ (ν˜∗L, ν˜∗R)
(
m2LL m
2
LR
m2RL m
2
RR
)(
ν˜L
ν˜R
)
, (5.4)
where mL˜ means the soft mass parameter of the left-handed sleptons. The sum of the
squared vacuum expectation values (the ratio of the vacuum expectation values) is written
by v2 = v21 +v
2
2 (tan β = v2/v1), where v1 (v2) is the vacuum expectation value of the Higgs
doublet with Y = −1/2 (Y = +1/2). Therefore, the left- and right-handed sneutrinos
mix and one obtains mass eigenstates,
ν˜1 = cos θν˜ ν˜R − sin θν˜ ν˜L , ν˜2 = sin θν˜ ν˜R + cos θν˜ ν˜L. (5.5)
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Figure 5.1: The relation between the trilinear coupling and the sneutrino mass eigenvalues.
We choose ν˜1 as the lighter mixed sneutrino. The masses of the mixed sneutrinos are
given by
m1 =
1√
2
(
m2LL +m
2
RR −
√
(m2LL −m2RR)2 + 4m4LR
)1/2
, (5.6)
m2 =
1√
2
(
m2LL +m
2
RR +
√
(m2LL −m2RR)2 + 4m4LR
)1/2
. (5.7)
The mass deference is proportional to the trilinear coupling constant as in Fig. 5.1. In
this paper, we consider the third generation mixed sneutrino WIMP scenarios assuming
that the first and second sneutrinos are heavier than any experimental limit.
The WIMP interactions are contained observables which have been constrained through
many experiments. The Z-boson coupling and the Higgs boson coupling contribute to
the WIMP-nucleon scattering cross section and the WIMP annihilation one,
Zµν˜∗1(p
′)ν˜1(p) vertex : −i e
sin 2θW
(p+ p′)µ sin2 θν˜ , (5.8)
hν˜∗1 ν˜1 vertex : iemZ
sin(α + β)
sin 2θW
sin2θν˜ + i
√
2 sin θν˜ cos θν˜Aν˜cα. (5.9)
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The trilinear coupling term is transformed by
Lhν˜1ν˜∗1 ⊃ −Aν˜hTu l˜Lν˜cR + h.c. = −
Aν˜√
2
(sαH + cαh)ν˜Lν˜
∗
R + h.c. (5.10)
⊃ −Aν˜cα√
2
h(ν˜Lν˜
∗
R + ν˜
∗
Lν˜R) (5.11)
⊃ =
√
2Aν˜cα sin θν˜ cos θν˜h|ν˜1|2. (5.12)
Furthermore, these couplings allow the invisible decay of the Z-boson and the Higgs boson
respectively.
If the WIMP mass is lighter than the Z-boson (Higgs boson) one, the Z-boson (Higgs
boson) decays to a pair of the WIMPs. The interactions to neutralinos,
χ˜0i ν˜1ν¯ : −i
g
2
√
2 sin 2θw
(cwNi2 − cwNi1) sin θν˜(1− γ5), (5.13)
are contained in the annihilation cross section which contributes dominantly to the relic
density in the GeV-mass WIMP case.
5.2 Experimental constraints
WIMP candidates are being tested through many experiments. In particular, if the WIMP
is lighter than half of the Higgs boson and interacts with the Higgs boson, the light
WIMP model can be probed also by the searches for the Higgs invisible decay. We list
the constraints used to check the light mixed sneutrino dark matter phenomenologically
in TABLE 6.2 and comment on the constraints below. First, we show the experimental
constraints on the electroweak sparticle masses. LEP experiments search for the pair
production of the sparticles. The results of the searches constrain the masses of the right-
handed sleptons, and the lightest chargino[30]. The analysises of the right-handed slepton
masses are assumed that the left-handed sleptons are not produced by energy of LEP.
The LHC experiments also search the pair productions of the sleptons and the charginos
[31, 32, 33]. Such pair productions are characterized by the signals for the two leptons
and the W, Z, and Higgs bosons. In addition, the searches for the pair production of
the lightest chargino and the next-to-lightest neutralino impose the chargino mass limit
more strongly than the results of the chargino pair production. The next-to-lightest neu-
tralino decays to the lightest neutaralino via slepton. Therefore, the chargino neutralino
pair production is associated with the signal of three leptons. The search for the strong
production of sparticles in multi-b-jets final states constraints the gluino mass[34, 35].
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Table 5.1: The summary of experimental results.
Observable Experimental result
me˜R , mµ˜R > 250 GeV (95% CL) [31, 32],
mτ˜R > 90.6 GeV (95% CL) [33]
mχ˜±1 > 420 GeV (95% CL) [33]
mg˜ > 1.4 TeV (95% CL) [34, 35]
Γ(Z → inv.) < 2.0 MeV (95% CL) [36]
Br(h→ inv.) < 0.29 (95% CL) [37]
Ωh2 0.1196± 0.0062 (95% CL) [4]
σNucleon (mDM, σNucleon) constraints
from LUX [38] and SuperCDMS [39]
Indirect detection (mDM, σannv) constraint
σannv from FermiLAT [40]
In our model, it is assumed that the lightest chargino and the next-to-lightest neu-
tralino decay to the lighter sneutrino with the tau lepton. Then, we use the constraints
on the lightest chargino mass by the searches for two or three taus.
Second, we show the experimental constraint on the Z boson invisible decay width.
The invisible decay is constrained up to the upper limit of 2.0 MeV (95% CL) by the
LEP result[36]. In our model, the Z boson tends to decay invisibly to the lighter mixed
sneutrino pair or the lightest neutralino pair. From Eq. (5.8), the amplitude of the Z-
boson is written by
M = −i e
sin 2θW
sin2 θν˜
(λ)
µ (p+ p
′)µ, (5.14)
where 
(λ)
µ means the polarized vector. The square of the amplitude is calculated as
follows,
|M|2 = 1
3
3∑
λ=1
|M|2 (5.15)
=
e2 sin4 θν˜
3 sin2 2θW
m2Z
{
1−
(
2mν˜
mZ
)2}
, (5.16)
with
3∑
λ=1
(λ)∗µ 
(λ)
ν = −gµν +
kµkν
m2Z
. (5.17)
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The invisible decay width of the Z boson to a pair of the sneutrinos is proportional to the
sneutrino mixing angle,
Γ(Z → ν˜∗1 ν˜1) =
|~p|
32pi2m2Z
∫
dΩ|M|2 (5.18)
=
e2 sin4 θν˜
48pi sin2 2θW
mZ
{
1−
(
2mν˜
mZ
)2}3/2
(5.19)
= Γ(Z → ν¯1ν1)sin
4 θν˜
2
{
1−
(
2m1
mZ
)2}3/2
, (5.20)
where Γ(Z → ν¯1ν1) denotes the decay width of Z boson to a pair of the neutrinos,
Γ(Z → ν¯ν) = g
2
96pi cos2 θW
mZ = 167 MeV. (5.21)
As shown in Fig. 5.2, the parameter regions of the mixed sneutrino scenarios are con-
strained by the result on the Z boson invisible decay width.
Then, we show the experimental constraints on the Higgs boson invisible decay. The
branching ratio of the Higgs invisible decay is constrained directry through the searches
for Zh→ ll+EmissT [41, 42], and indirectly by the best-fit analysis using the combination of
all channels of the Higgs boson decay [43, 37]. We use the results of the best-fit constraint
to check our model. In our model, the decay width of the Higgs boson to a pair of the
lighter mixed sneutrino is proportional to the sneutrino mixing angle sin4 θν˜ ,
Γ(h→ ν˜1ν˜∗1) =
sin4 θν˜
16pimh
√
1− 4m
2
1
m2h
×
∣∣∣∣emZ sin(α + β)sin 2θW + 2 cosαv sin β cos2 θν˜(m2ν˜2 −m2ν˜1)
∣∣∣∣2 . (5.22)
Therefore, the indirect searches impose almost the same upper limit on the sneutrino
mixing angle as the direct searches. The Higgs boson can decay invisibly also to the
lightest neutralino. Such decay mode is associated with the Higgsino component of the
lightest neutralino. Then, if the µ-parameter is large, the decay mode is suppressed and
the branching ratio of the Higgs invisible decay is consistent with the experimental results.
Let us address the thermal relic abudance of the mixed sneutrino dark matter. In
general, dark matter candidates must be consistent with at least the upper limit of the
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Figure 5.2: The mass dependences of the invisible decay width of theZ-boson.
dark matter relic density [4]. If the sneutrino mass is less than 10 GeV, the sneutrino
tends to annihilate to the neutrinos via the lightest and next-to-lightest neutralinos. The
amplitude is written by
M(ν˜1ν˜1 → νν) =
4∑
i=1
u¯(p′)
−ig
2
√
2 sin 2θw
(cwNi2 − cwNi1) sin θν˜(1− γ5)
×i(q
µγµ +mχ0i )
q2 −m2
χ0i
C
× −ig
2
√
2 sin 2θw
(cwNi2 − cwNi1) sin θν˜(1− γ5)Tu¯T(p). (5.23)
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Figure 5.3: The dependences of the invisible decay width of the Higgs boson on the mixed
sneutrino WIMP mass.
Then the annihilation cross section depends on the neutralino masses,
σannv =
e4 sin4 θν˜
84pis4W
[
1
c2Wmχ˜01
(
1− m
2
ν˜
m2
χ˜01
)
+
1
s2Wmχ˜02
(
1− m
2
ν˜
m2
χ˜02
)]2
. (5.24)
For small mixing angle, the lightest neutralino mass must be small like the sneutrino
mass,
Ωh2 ∼ 0.1×
(
sin θν˜
0.1
)−4 ( mχ˜01
1 GeV
)2
. (5.25)
Next we show that the constraints of the direct detections. We use the results of the
LUX experiment and the SuperCDMS experiment [38, 39]. The SuperCDMS is more
sensitive to small dark matter mass than the LUX. In our model, the sneutrino scatters
spin-independently with nucleus via the Z boson and the Higgs boson. The coupling
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Figure 5.4: ν˜ annihilation modes.
among the Higgs boson and the sneutrinos is proportional to the large A-term. Then, the
amplitude of the scattering via the Higgs boson is dominant over one via the Z boson.
We calculate the cross section of the scattering of the dark matter and nucleon:
σSIN =
4µχ
pi
(Zfp + (A− Z)fn)2
A2
, (5.26)
where µχ is the sneutrino-nucleon reduced mass, A is the mass number, Z is the atomic
number and fp (fn) is the amplitude for the proton (neutron).
We comment on indirect detections. We use the result of the FermiLAT experiment
to check the annihilation cross section of the sneutrino dark matter[40]. In our model,
however, the GeV-mass sneutrino tends to annihilate to the neutrinos. Therefore the
constraint by the indirect detection is not serious.
Finally, we comment on mono-photon searches. The searches at LEP2 is not sensitive
to the GeV-mass region and not serious in our model [30]. The LHC results are converted
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Table 5.2: Parameters and reference values/scan bounds.
Parameter Reference value/Scan bound
µ 500 GeV
tan β 10
mν˜2 125 GeV
mτ˜R 120 GeV
MW˜ 500 GeV
mν˜1 [0.1 GeV, 10 GeV]
sin θν˜ [0.01, 0.3]
MB˜ [0.1 GeV, 20 GeV]
into the scattering cross section. Since the upper limits are as large as 10−40 cm2, such
constraints are not serious.
5.3 Limits from vacuum meta-stability
In the MSSM, a large trilinear soft SUSY breaking term triggers a deeper vacuum than
the SM-like one[44]. In our model, the sneutrino trilinear coupling is large. Through
tracing the scalar potential along the D-flat direction, |h0u| = |ν˜L| = |ν˜R| = a, θν˜ &
2 × 10−12 suggests a lepton-number breaking global minimum. We calculate the decay
rate of the false vacuum and check whether the lifetime of the universe is enough long.
The vacuum meta-stability bound impose the upper limit, θν˜ ≤ 0.52 for mν˜1 = 0.1 GeV.
The upper limit is relaxed in the larger mass region since the trilinear coupling constant
is proportional to m2ν˜2 −m2ν˜1 .
5.4 Numerical result
We perform a scan for the parameter region as listed in TABLE 5.2, and show the
phenomenological constraints in the (mν˜1 , sin θν˜) plane in FIG. 5.5. We have used
LanHEP [45], micrOMEGAs [46], and CalcHEP [47] for the calculation of the obsev-
ables. The colored regions are ruled out by the constraints of the relic abundance and
the Higgs boson invisible decay. The white region is consistent with the vacuum sta-
bility bound as well as the experimental constraints. The allowed region will be nar-
rowed by searches for the Higgs boson invisible decay at future colliders. The high-
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luminosity LHC with the center-of-mass energy of
√
s = 14 TeV and the luminosity of
L = 3000 fb−1can impose the upper limits of Br(h → inv.) < 8.0% (95% CL) [48] and
Br(h → inv.) < 6.4% (95% CL)[49] . The International Linear Collider (ILC) can con-
strain the branching ratio up to 0.69% (95% CL)[50]. The ILC is capable of excluding
mixed sneutrino dark matter scenarios for 0.1 GeV ≤ mν˜1 < 3 GeV.
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Figure 5.5: The results of our parameter scan for light mixed sneutrino WIMP scenarios in the
(mν˜1 , sin θν˜) plane. The yellow (light-gray) and pink (dark-gray) regions are excluded by the constraints
of the relic abundance [4] and the Higgs boson invisible decay [37], respectively. We also show the upper
limits of the spin-independent elastic WIMP-nucleon cross section by the LUX (blue dotted line) [38]
and the SuperCDMS (dark-green line) [39]. The black dashed (red solid) line denotes the Higgs boson
invisible decay branching fraction of 10% (2%).
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Chapter 6
Mixed complex scalar model with
Majorana fermion
6.1 Model
Here, we explain a mixed inert complex scalar model. We introduce complex scalar
doublet η and singlet s, and a Majorana fermion ψ to the Standard Model, and impose
additional symmetry U(1)X . In TABLE 6.1, the left-handed leptons Li, the right-handed
ones ei, and the inert scalars are charged by the U(1)X , where i (= 1 − 3) denotes the
Table 6.1: The quantum numbers of the electroweak particles in the mixed complex scalar
WIMP model with a Majorana fermion.
SU(3)C SU(2)L U(1)Y U(1)X
Left-handed lepton (Li) 1 2 −1/2 − 1
Right-handed lepton (ei) 1 1 −1 −1
SM Higgs doublet (H) 1 2 +1/2 0
Inert scalar doublet (η) 1 2 +1/2 +1
Inert scalar singlet (s) 1 1 0 +1
Majorana fermion (ψ) 1 1 0 0
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generation. The scalar potential is written as follows,
V = µ2H(H
†H) +
λ1
2
(H†H)2
+µ2η(η
†η) +
λ2
2
(η†η)2 + λ3(H†H)(η†η) + λ4(H†η)(η†H)
+µ2s(s
∗s) +
λs
2
(s∗s)2 + λHs(H†H)(s∗s) + ληs(η†η)(s∗s)
+A(η†Hs+ h.c.), (6.1)
where H means the Higgs doublet. Because of the U(1)X symmetry, the scalar potential
do not contain the λ5 terms. The additional fermion interacts to the lepton doublets and
the inert one. In this paper, it is assumed the Yukawa coupling is effective to the third
generation,
∆L = −Y (L3ψ · η + h.c.) . (6.2)
By the spontaneously symmetry breaking, the masses of the inert scalars obtain terms
proportional to the vacuum expectation value v = 246 GeV. The trilinear coupling A
contributes to the off-diagonal components of the mass matrix of the neutral component
of the inert doublet η0 and the inert singlet,
−Lmass = (η0∗, s∗)
(
µ2η +
v2
2
λ v√
2
A
v√
2
A µ2s +
v2
2
λHs
)(
η0
s
)
≡ (η0∗, s∗)
(
m211 m
2
12
m221 m
2
22
)(
η0
s
)
(6.3)
with λ ≡ λ3 + λ4. The mass eigenvalues are written in terms of the mass matrix compo-
nents as follows:
m2χ1,2 =
1
2
(
m211 +m
2
22 ±
√
(m211 −m222)2 + 4m412
)
(6.4)
where χ1 and χ2 are the lighter and heavier mass eigenstates respectively. If χ1 is the
lightest inert particle, χ1 acts as a WIMP candidate. The inert singlet and the neutral
component of the inert doublet mix by a mixing angle θχ,(
cos θχ sin θχ
− sin θχ cos θχ
)(
η0
s
)
≡
(
χ2
χ1
)
. (6.5)
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The mixing angle is interpreted in terms of the mass matrix components:
θχ =
1
2
tan−1
(
2m212
m211 −m222
)
. (6.6)
The mass of the charged component η± contains the contribution from the coupling with
the Higgs doublet,
m2η± = µ
2
η +
v2
2
λ3. (6.7)
We want to calculate observables using micrOMEGAs. Our model files use the pa-
rameters in the Lagrangian, for example µη, λ4, and A, as input parameters. However, it
is useful for us to rewrite these input parameters in terms of the inert scalar masses and
mixing angle:
λ3, λ4, µη, µs, A⇐⇒ λ, mη± , mχ1 , mχ2 , θχ. (6.8)
λHs is also one of the most important input parameters (see Eq.(6.22)). According to
Eq.(8.5) and (8.7), the elements of the inert mass matrix are:
m211 =
1
2
(
m2χ1 +m
2
χ2
± (m2χ2 −m2χ1) cos 2θχ
)
, (6.9)
=
 m2χ1 sin2 θχ +m2χ2 cos2 θχ, for m211 > m222m2χ1 cos2 θχ +m2χ2 sin2 θχ, for m211 < m222 (6.10)
m222 =
1
2
(
m2χ1 +m
2
χ2
∓ (m2χ2 −m2χ1) cos 2θχ
)
, (6.11)
=
 m2χ1 cos2 θχ +m2χ2 sin2 θχ, for m211 > m222m2χ1 sin2 θχ +m2χ2 cos2 θχ, for m211 < m222 (6.12)
m212 = ±
1
2
(m2χ2 −m2χ1) sin 2θχ, (6.13)
where the upper (lower) sign is associated with the case that m211 > m
2
22 (m
2
11 < m
2
22.).
The Lagrangian parameters µη, λ4, µs, and A are rewritten as follows using Eq.(8.3) and
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Eq.(8.4):
µ2η = m
2
11 −
v2
2
λ, (6.14)
λ3 = − 2
v2
(m211 −m2η±) + λ, (6.15)
λ4 =
2
v2
(m211 −m2η±), (6.16)
µ2s = m
2
22 −
v2
2
λHs, (6.17)
A =
√
2
v
m212 = ±
1√
2v
(m2χ2 −m2χ1) sin 2θχ. (6.18)
It must be noted that the trilinear coupling constant A depends on the mass difference
between the inert scalar mass eigenvalues rather than the mixing angle.
According to Eq. (6.5), χ1 interactions depend on the mixing angle,
L →
[
−vλ sin2 θχ − vλHs cos2 θχ + A√
2
sin 2θχ
]
hχ∗1χ1
+i
Y
2
sin θχ[ντ (1− γ5)ψχ∗1 + h.c.] + . . . (6.19)
The Hχ1chi
∗
1-coupling contributes to the WIMP nucleon scattering cross section, the
annihilation cross section, and the invisible decay rate of the Higgs boson. On the other
hand, the additional Yukawa coupling is contained in the main annihilation mode of the
GeV-mass WIMP.
6.1.1 Inert Interactions
We are interested in the scattering cross section between the dark matter candidate and
nucleon. The inert scalar interacts to quarks through the Z boson and the Higgs boson.
The inert interaction with the Higgs boson is related with the terms of λ3, λ4, λHs,
and A:
L ⊃ −λ3(H†H)(η†η)− λ4(H†η)(η†H)
−λHs(H†H)(s∗s)− A(η†Hs+ h.c.) (6.20)
→ −v(λ3 + λ4)(hη0∗η0)− vλHs(hs∗s)− A√
2
(η0∗hs+ h.c.) + . . . (6.21)
=
[
−vλ sin2 θχ − vλHs cos2 θχ + A√
2
sin 2θχ
]
hχ∗1χ1 + . . . , (6.22)
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where the last terms in the third and fourth lines denote some mass terms and four-point
couplings. According to the factor of the inert mixing angle, the λHs−term is dominant.
6.1.2 Association with mixed sneutrino dark matter scenarios
The inert doublet and singlet can be associated with the left-handed slepton doublet and
the right-handed sneutrino respectively in mixed sneutrino dark matter scenarios. The
superpotential is
W = µHT1 H2 + yuH
T
2 qd
c
R + yτH
T
1 lτ
c
R + yνH
T
2 lν
c
R, (6.23)
where only the first (third) generation of the squarks (sleptons) is written for the sake of
simplicity. The SU(2) and U(1) D-terms are
VSU(2) =
g22
8
(
2∑
i=1
H†i τ
aHi + q˜
†τaq˜ + l˜†τal˜
)2
, (6.24)
VU(1) =
g21
8
(
−H†1H1 +H†2H2
+
1
3
q˜†q˜ − 4
3
u˜Ru˜
c
R +
2
3
d˜Rd˜
c
R − l˜†l˜ + 2τ˜Rτ˜ cR
)2
, (6.25)
where τa (a = 1 − 3) are the Pauli matrixes. Calculating the SU(2) D-term we obtain
the scalar potential of the two Higgs doublets and the slepton doublet like the λ3- and
λ4-terms in the inert model:
VSU(2) + VU(1) =
g21 − g22
4
(H†1H1)(l˜
†l˜)− g
2
1 + g
2
2
4
(H†2H2)(l˜
†l˜)
+
g22
2
∑
i
(H†i l˜)(l˜
†Hi) + . . . . (6.26)
The λ3- and λ4-like terms contribute to the mass matrix of the left-handed sneutrino
and the three-point coupling between the Higgs boson and the sneutrino through the
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spontaneously symmetry breaking SU(2)L × U(1)Y → U(1)EM :
λ3 − like : g
2
1 − g22
4
(H†1H1)(l˜
†l˜)− g
2
1 + g
2
2
4
(H†2H2)(l˜
†l˜)
→ v
2
8
(g21 cos 2β − g22)ν˜cLν˜L
−v
4
{g21 sin(α + β)− g22 sin(α− β)}hν˜cLν˜L + . . . , (6.27)
λ4 − like : g
2
2
2
∑
i
(H†i l˜)(l˜
†Hi)
→ v
2
4
g22 cos
2 βν˜cLν˜L −
v
2
g22 sinα cos βhν˜
c
Lν˜L + . . . , (6.28)
with
H01 =
1√
2
(v cos β − h sinα + . . .), (6.29)
H02 =
1√
2
(v sin β + h cosα + . . .). (6.30)
Using the decoupling llimit β − α→ pi/2 the associations between the parameters of the
inert model and the mixed sneutrino model are
µ2η → m2l˜ ,
λ2 → g
2
1 + g
2
2
8
,
λ3 → 1
4
(g21 cos 2β − g22) =
m2Z
v2
(sin2 θW cos 2β − cos2 θW )
λ4 → g
2
2 cos
2 β
2
=
2m2Z
v2
cos2 θW cos
2 β,
λ → m
2
Z
v2
cos 2β, (6.31)
µ2s → m2ν˜R ,
λs → 0,
λHs → |yν |2 ≈ 0,
ληs → 0,
A → Aν˜ sin β.
6.1. MODEL 55
In such scenarios, the sneutrino mass matrix is as follows:
− Lmass = (ν˜∗L, ν˜∗R)
(
m2
L˜
+ 1
2
m2z cos 2β
v sinβ√
2
Aν
v sinβ√
2
Aν m
2
ν˜R
)(
ν˜L
ν˜R
)
. (6.32)
In the sneutrino case, Eq.(6.31) and Eq.(6.32), it is required that the charged inert
scalar mass is the function of the neutral inert scalar mass and the mixing angle: m2η± =
m211− v2λ3/2. Furthermore, the off-diagonal components of the mass matrix are changed
by sin β:
m′212 = ±
1
2
(m2χ2 −m2χ1) sin 2θχ sin β. (6.33)
As a result, µη, µs, Aν , and mη± are functions of the neutral inert scalar mass and the
inert mixing angle:
m2η± → m211 −
m2Z
2
(sin2 θW cos 2β − cos2 θW ), (6.34)
µ2η → m211 −
m2Z
2
cos 2β, (6.35)
µ2s → m222, (6.36)
Aν →
√
2
v
m′212. (6.37)
The interaction of the mixed sneutrino with the Higgs boson is obtained from the
SU(2)L and U(1)Y D-terms and A-terms:
L ⊃ −g
2
2
8
(H†1τ
aH1 +H
†
2τ
aH2 + l˜
†τal˜)2
−g
2
1
8
(−H†1H1 +H†2H2 − l˜†l˜)2 − Aν(HT2 l˜ν˜c + h.c.) (6.38)
symmetry−−−−−→
breaking
−g
2
1 + g
2
2
4
v(H01 cos β −H02 sin β)ν˜∗Lν˜L
−Aν√
2
(H02 ν˜
∗
Rν˜L + h.c.) + . . . (6.39)
decoupling−−−−−−→
limit
[
−m
2
Z
v
cos 2β sin2 θν˜ +
Aν√
2
sin β sin 2θν˜
]
hν˜∗1 ν˜1 + . . . . (6.40)
This result can be led from also Eq.(6.22) using the translation Eq.(6.31).
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Table 6.2: The experimental bounds adopted in our analysis.
Observable Experimental bound
Ωh2 0.1196± 0.0062 (95% CL) [4]
σNucleon LUX (2016) [51], CDMSlite (2015) [52]
〈σannv〉 Fermi-LAT (2016) [40, 53, 54]
Γ(Z → inv.) < 2.0 MeV (95% CL) [36]
Br(h→ inv.) < 0.23 (95% CL) [55, 42]
6.2 Experimental constraints
Parameter regions of WIMP candidates are constrained from experimental limits of the
relic density, the WIMP-nucleon scattering cross section, and the annihilation one. In ad-
dition, collider experiments impose bounds on the additional particle masses. We listed
the experimental bounds used in our analysis on TABALE 6.2, and describe the phe-
nomenological constraints below.
The relic density of dark matter, Ωh2 ≈ 0.11, is measured through the cosmological
experiments, WMAP and Planck [3, 4]. Considering non-thermal dark matter production,
we used the upper limits only in the check on our model. In the mixed inert scalar
model, the annihilation modes contribute dominantly to the relic abundance depend on
the WIMP mass. The GeV-mass WIMP tends to annihilate to two anti-neutrinos through
the t-channel with the Majorana fermion, χ1χ1 → ν¯τ ν¯τ . In the heavier WIMP case, the
modes to a pair of the bottom quarks and one of the W bosons are dominant, χ1χ
∗
1 → bb¯
and χ1χ
∗
1 → W+W−.
Direct detection experiments for dark matter search the signal for the recoile from
scattering between nucleon and dark matter. Results in the LUX experiment constrain
the DM-nucleon scattering cross section up to O(10−45) cm2 in 100 GeV dark matter mass
regions [56, 51]. On the other hand, the CDMSlite experiment imposes the upper limit
up to O(10−41) cm2 on the cross section in GeV-mass regions [52]. In our model, the spin
independent cross section of χ1 is mediated by the Higgs and Z bosons. The amplitude
via the Z boson is suppressed by the factor of sin2 θχ, while one via the Higgs boson is
proportion with A.
Indirect detections search for particles produced via decays or annihilations of dark
matter in the universe. Observing γ-ray from the Milky Way, FermiLAT limits the an-
nihilation cross sections of dark matter to charged particles[40, 53]. On the other hand,
Super-Kamiokande can impose the upper limits on the cross sections by detecting neu-
trinos from the sun[57]. In our model, the GeV-mass WIMP annihilate dominantly to
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Figure 6.1: Dependence of the WIMP relic density on the mass ratio of the addi-
tional Majorana fermion νR(ψ) to the lighter mixed scalar χ1. The solid lines denote
the(mχ1 , sin θχ) = (1 GeV, 0.1) case (red), (0.1 GeV, 0.1) case (blue), and (0.1 GeV, 0.05)
case (green). In the degenerate regions where the mass ratio is less than 1.2, the coanni-
hilation contributes to the effective annihilation cross section. However, since the contri-
bution from the main annihilation mode via ψ becomes small relatively, the relic density
increases.
two anti-neutrinos, and main modes in the heavier case are χ1χ
∗
1 → W+W− and bb¯. We
calculated the neutrino flax from the sun and the annihilation cross sections to W+W−
and bb¯, and have found that the observables are enough smaller than the experimental
upper limits.
The total neutrino spectrum from the Sun is given by
dφν
dEν
=
1
4pid2
(
ΓχχBrνν
Nνν
dE
+ Γχχ¯
∑
f
Brff¯
Nf
dE
)
. (6.41)
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The annihilation rate is determined by the capture rates,
Γχχ =
1
2
Cχ
(
β − 1
1 + αx
)
, (6.42)
Γχχ¯ =
1
2
Cχ¯
αx
1 + αx
, (6.43)
where Cχ denotes the capture rate of DM. α, β, and x are ratios of the annihilation cross
section per the effective volume between DM and anti-DM, the capture rate, and the
particle number, respectively.
A dark matter particle which has a mass of mDM ∼ O(1) GeV in the Sun evaporates
due to the scattering with gas constructing the Sun. The differential equation of the
number of dark matter in the Sun is written in terms of the contributions from the DM
capture, annihilation, and evaporation,
N˙ = C − AN2 − EN. (6.44)
The DM capture rate depends on the scattering cross sections of DM with hydrogen and
helium gas,
C ' 1.3× 1025 s−1
(
ρDM
0.3 GeV/ cm3
)(
270 km/s
v¯
)(
1 GeV
mDM
)[( σH
10−40 cm2
)
S(mDM/mH)
+1.1
(
σHe
16× 10−40 cm2
)
S(mDM/mHe)
]
. (6.45)
The factor of the DM annihilation is given by the annihilation cross section times the
relative DM velocity per unit volume,
A =
〈σv〉
Veff
. (6.46)
Ignoring the evaporation, the WIMP annihilation rate is written in terms of the capture
rate,
Γ =
1
2
AN2 =
1
2
C tanh2(t/τE), (6.47)
with the age of the Solar System: t ' 4.5 × 109 years and the time required to reach
equilibrium: τE = (C
A)−1/2. The evaporation rate is given approximately as follows,
E ≈ 10−((7/2)(mDM/GeV)+4)s−1
(
σH
5× 10−39 cm2
)
. (6.48)
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Table 6.3: The scan bounds and reference values of parameters of our model.
Parameter Scan bound / Reference value
mχ1 [10 MeV, 1.5 TeV]
mχ2 [100 GeV, 16.5 TeV]
sin θχ [0.001, 1]
mψ [10 MeV, 10 GeV]
λ −0.14
λHs 0
Taking the evaporation into account, the annihilation rate is modified by
Γ =
1
2
C
[
tanh(αt/τE)
α + 1
2
EτE tanh(αt/τE)
]2
. (6.49)
Masses of SUSY particles are limited through SUSY searches at LEP and LHC exper-
iments. In particular, the slepton mass bounds are calculated through searches for signals
of two leptons from the slepton decays [30, 33, 31, 32]. The charged inert scalar η± in
our model can decay to τ and ψ as well as the decay mode of the stau, τ˜ → τ χ˜01, where
χ˜0i denotes the lightest neutralinos. Therefore, the mass of η
± is imposed on lower limit
from LEP experiments.
The invisible decays of the Z and Higgs bosons also are searched at LEP and LHC
[36, 55, 42]. The dark matter candidate χ1 couples such bosons. If the mass of χ1 is lighter
than half of the masses of the bosons, the bosons can decay invisibly to χ1. The upper
limits from collider experiments suppress θχ because the decay widths are proportional
to sin θχ. The limits are effective to GeV-mass region that direct detections cannot reach
to.
6.3 Numerical results
Scan bounds and reference values are listed in TABLE 6.3. We use the values in mixed
sneutrino WIMP scenarios to scalar coupling constants λ and λHs. According to Eq.
(6.22), if the WIMP-nucleon scattering cross section is increased by these coupling con-
stants, the relic density decreases. Therefore, referential values of λ and λHs change little
our results.
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6.3.1 GeV-mass case
FIG. 6.3 shows the experimental constraints on the mχ1-sin θχ plane. In the meshed
red region, the relic density is larger than the upper bound from Planck. The shaded
blue region is excluded by the results of the Higgs boson invisible searches at the LHC.
The meshed green (shaded magenta) region denotes the limit from the LUX (CDMSlite)
experiment. The dashed black line means the bound on the Higgs invisible decay of
BR(H → inv.) ≤ 0.01 as a future prospect. The solid purple line shows the constraint
from SuperCDMS SNOLAB [58, 59].
In the GeV-mass region, the parameter space is constrained by the limits from not only
the relic density, direct detections, and indirect ones but also the Higgs boson invisible
decay at the LHC. The GeV-mass inert scalar WIMP tends to annihilate by the t-channel
via ψ. Therefore, the relic density depends on the mass of the Majorana fermion. We set
mψ = 1.2mχ1 because the value of the mass ratio gives the smallest relic abundance. For
more smaller mass ratio, co-annihilation modes enhance the relic abundance. In the mass
region, the Higgs boson decays invisibly to a pair of χ1. We assumed mχ2 = 130 GeV
to prohibit the Higgs boson invisible decay modes, H → χ1χ∗2, χ2χ∗2. The limits from
the LHC impose the mixing angle upon upper limit of sin θχ < 0.1. The limit from
the LUX experiment excluded the parameter space for mχ1 ∼ 10 GeV, mχ2 = 130 GeV,
mψ = 1.2mχ1 . The consistent region is constrained more strongly through the searches for
the Higgs boson invisible decay at future colliders. The search at the ILC250 is expected
to limit the mixing angle sin θχ up to 0.6.
6.3.2 Higgs pole
FIG. 6.4 shows the experimental bounds at the Higgs pole as well as FIG. 6.3 except
that the purple solid line means the limit from the ZENON1T experiment [60]. For
mχ1 ∼ mh/2, the annihilation mode via the Higgs boson contributes dominantly to the
relic density. According to Eq. 6.22, χ1χ
∗
1h-coupling depends on Ahηs ∝ m2χ2 − m2χ1 .
Therefore, the large mass deference between χ1 and χ2 turns the relic density into smaller
value. In FIG. 6.4, the allowed region can be reached through XENON1T experiment.
Analysis with different values of λ and λHs does not change our result because these
parameter contributes to the relic density and the WIMP-nucleon scattering cross section.
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6.3.3 Heavy case
FIG. 6.5 denotes the experimental limits in the Heavy WIMP case as well as FIG. 6.4.
The relic density of the heavier dark matter than 100 GeV can be decreased by splitting
the masses of χ1 and χ2, or by degenerating the ones. In the split case, the larger Ahηs
contributes to the annihilation cross section as in the Higgs pole case. In the degenerate
case, co-annihilation modes, χ2χ2 → ν¯τ ν¯τ , η+η+ → τ¯ τ¯ , and χ2η+ → ν¯τ τ¯ contribute
dominantly to the relic density. According to FIG. 6.5, the consistent regions in the mass
split case and degenerate one can be distinguished through future direct detections.
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Figure 6.2: Top: Suppression factor due to WIMP evaporation in the sun. Bottom: Muon
flux from the Sun.
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Chapter 7
Universal extra dimension model
7.1 The Model
We investigate the relic density of KK photon LKP in pUED models. In such models, we
introduce one extra dimension compactified on an S1/Z2 orbifold. Since all the SM fields
mediate in the direction of the spatial extra dimension, these fields have infinite KK tours.
From 5D Lorentz invariance, nth KK particles have a mass of n/R, where R denotes the
radius of the compactified dimension. The S1 compactification leads to breaking the 5D
Lorentz invariance. The Z2 orbifold violates the 5D momentum conservation. As a result,
radiative corrections generate KK mass splitting. Because of the Z2 orbifold, the KK
parity is conserved rather than the KK number. Hence, LKP is stable and can became
a dark matter candidate. We focus on the KK photon LKP scenarios. The KK photon
is produced by the weak mixing of B(1) and W 3(1). In the mass matrix of (B(1),W 3(1)),
the diagonal components is larger than the off-diagonal ones, which are in proportion to
v, because of R−1  v. Thus, the weak mixing angle of the KK gauge boson is small
enough to take γ(1) ' B(1).
5D Lagrangian with the corrections to fifth components of SM fields are written as
follows,
L(5D) = −1
4
F aµνF
aµν − 1
2
ZF aµ5F
aµ5, (7.1)
L(5D)ψ = ψ¯iγµDµψ − Zψψ¯iγ5D5ψ, (7.2)
L(5D)Φ = (DµΦ)†(DµΦ)− ZΦ(D5Φ)†(D5Φ)− µ25Φ†Φ, (7.3)
where Z, Zψ, and ZΦ are field strength correction parameters. The KK wave functions
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Table 7.1: The scan bounds and reference values of parameters of our model.
Parameter Scan bound / Reference value
ΛR 5,20,50
R−1 [400 GeV, 3 TeV]
ZL,eR,... [1, 1.05]
are not modified by our extension,
Aµ(x
µ, y) =
1√
2piR
A(0)µ (x
µ) +
1√
piR
A(1)µ (x
µ) cos
( y
R
)
+ · · · , (7.4)
A5(x
µ, y) =
1√
piR
A
(1)
5 sin
( y
R
)
+ · · · , (7.5)
Ψ(xµ, y) =
1√
2piR
ΨSM(xµ) +
1√
piR
Ψ
(1)
L (x
µ) cos
( y
R
)
+
1√
piR
Ψ
(1)
R (x
µ) sin
( y
R
)
+ · · · ,(7.6)
Φ(xµ, y) =
1√
2piR
Φ(0)(xµ) +
1√
piR
Φ(1)(xµ) cos
( y
R
)
+ · · · . (7.7)
From the radiative corrections, KK particle masses are given by m2
A(n)
= Z n
2
R2
, m
ψ(n)
=
Zψ
n
R
, and m2
Φ(n)
= ZΦ
n2
R2
+ µ2. In various UED models, the values of the parameters and
the mass spectrums have been investigated [18, 19, 20].
We calculate the relic density regarding the field strength parameters free and taking
into account all the contributions from the coannihilation modes with the 1st and 2nd
KK particles. In UED models where some KK particle masses are degenerate, it has been
known that the coannihilation processes can contribute to the result of the relic density
calculation [21, 22, 23, 24, 25, 26]. Since 2nd KK particles have a mass of m(2) ' 2m(1),
the coannihilation modes via a 2nd KK particle, which decay to two 1st KK particles or
a pair of 2nd KK and SM particles, are allowed.
7.2 Numerical results
We analyze the relic density of the KK photon in the scan bound and reference values
listed in TABLE 8.3.
We first show the relic density in the mUED with the 125 GeV Higgs boson in Fig. 7.1.
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Figure 7.1: R−1 dependence of the KK photon relic density with all coannihilation pro-
cesses in the mUED model. On each lines, the value of ΛR is different, ΛR = 5, 20, 50.
We point out the transition of relic density to varying the mass degeneracy,
∆X =
mX(1) −mγ(1)
mγ(1)
, (7.8)
in Fig. 7.2. Since the radiative correction to the mass of the KK photon LKP is almost
identical in the mUED model, Zγ(n) ' 1, the mass degeneracy into the KK photon can
be rewritten as ∆X ' ZX − 1. We degenerate the 1st KK particle mass labeled on each
lines into the KK photon mass, while set the other KK particle masses to the value in the
mUED model.
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Figure 7.2: The change in the cosmologically allowed value for R−1 as a result of varying
the different KK masses away from their nominal mUED values. Along each line, the
LKP relic density is Ωh2 = 0.1196. We show cases of the masses of three generations of
SU(2)-singlet KK leptons (red); three generations of SU(2)-doublet leptons (magenta);
three generations of SU(2)-singlet down-type quarks (purple); SU(2)-doublet top-type
quarks (dark green); SU(2)-singlet top-type quarks (blue); KK gluons (cyan); KK Higgs
boson (orange) and electroweak KK W-bosons (light green).
Chapter 8
Distinction between WIMP and
ADM scenarios
8.1 The Model
We consider a extended model with a complex scalar doublet η and singlet s, and a Dirac
fermion ψ. Furthermore, we impose a extra global symmetry U(1)X . The U(1)X charge
corresponds to the dark matter number. Since the new symmetry is global, no new gauge
boson is added to our model. Under the U(1)X symmetry, not only the new fields, η, and
s, but also the left- and right-handed leptons, Li and ei, are charged, where i (= 1 − 3)
is the generation index. The quantum numbers of the electroweak particles are listed in
Table 8.1: The quantum numbers of the electroweak particles in the mixed complex scalar
model with a Dirac fermion.
SU(3)C SU(2)L U(1)Y U(1)X
Left-handed lepton (Li) 1 2 −1/2 +1
Right-handed lepton (ei) 1 1 −1 +1
SM Higgs doublet (H) 1 2 +1/2 0
Inert scalar doublet (η) 1 2 +1/2 −1
Inert scalar singlet (s) 1 1 0 −1
Dirac fermion (ψ) 1 1 0 0
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Table 8.1. Then, the scalar potential is written as
V = µ2H(H
†H) +
λ1
2
(H†H)2 + µ2η(η
†η) +
λ2
2
(η†η)2 + λ3(H†H)(η†η) + λ4(H†η)(η†H)
+µ2s(s
∗s) +
λs
2
(s∗s)2 + λHs(H†H)(s∗s) + ληs(η†η)(s∗s) + A(η†Hs+ h.c.), (8.1)
where µ’s, λ’s and A denote mass and coupling parameters. It should be noted that the
U(1)X symmetry prohibits the CP violating term, O = λ5(H†η)2 + h.c.. The additional
Dirac fermion interacts to η and Li. For instance, we consider the interaction to the third
generation only, which is given as
∆L = −Y (L3ψ · η˜ + h.c.) , (8.2)
here Y denotes a Yukawa coupling constant, and η˜ = iτ2η, where τ2 is the second Pauli
matrix.
After the electroweak symmetry breaking SU(2)L × U(1)Y → U(1)EM, the neutral
component of the Higgs doublet obtains a vacuum expectation value 〈H0〉 = v/√2, where
v = 246 GeV. The vacuum expectation value contributes to the masses of the inert scalar
fields through the scalar couplings. The charged scalars η± have a mass of
m2η± = µ
2
η +
v2
2
λ3. (8.3)
The scalar trilinear interaction with the coupling constant A contributes to the off-
diagonal components of the mass matrix of the inert doublet neutral component η0 and
s,
−Lmass = (η0∗, s∗)
(
µ2η +
v2
2
λ v√
2
A
v√
2
A µ2s +
v2
2
λHs
)(
η0
s
)
≡ (η0∗, s∗)
(
m211 m
2
12
m221 m
2
22
)(
η0
s
)
, (8.4)
with λ ≡ λ3 + λ4. The mass eigenvalues are written in terms of the mass matrix compo-
nents as follows,
m2χ1,2 =
1
2
(
m211 +m
2
22 ±
√
(m211 −m222)2 + 4m412
)
, (8.5)
where χ1 and χ2 are the lighter and heavier mass eigenstates respectively. By the global
U(1)X symmetry, the lighter state mχ1 becomes a dark matter candidate. The inert singlet
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and the neutral component of the inert doublet mix with a mixing angle−pi/2 < θχ < pi/2,(
cos θχ sin θχ
− sin θχ cos θχ
)(
η0
s
)
≡
(
χ2
χ1
)
. (8.6)
The mixing angle is interpreted in terms of the mass matrix components,
θχ =
1
2
tan−1
(
2m212
m211 −m222
)
. (8.7)
In the mass eigenstates, the dark matter interactions are expressed as
L ⊃ −i e
sin 2θW
sin2 θχ(χ
∗
1
←→
∂µχ1)Z
µ +
(
−vλ sin2 θχ − vλHs cos2 θχ +
A√
2
sin 2θχ
)
hχ∗1χ1
+
Y
2
sin θχ[ν¯τ (1− γ5)ψχ∗1 + h.c.]. (8.8)
The lighter mixed scalar couplings with the Z and Higgs bosons contribute to the DM
particle-nucleon scattering cross section and the invisible decay widths of the bosons. In
such model, the dark matter particle can realize ADM scenarios as well as WIMP ones.
The scattering amplitude of χ∗1-nucleon via the Z boson has the opposite sign of the χ1-
nucleon amplitude. On the other hand, the amplitudes via the Higgs boson have a same
sign. Therefore, there are parameter regions where the scattering amplitudes of χ1 or χ
∗
1
via the Z and Higgs boson are canceled. The ψ interaction affects the annihilation cross
section in the GeV-mass WIMP scenarios.
8.2 Experimental constraints
Parameter regions of the χ1 dark matter scenarios are limited by experimental constraints
from the Planck experiment, direct detections, and indirect ones as well as colliders.
We listed the experimental bounds on TABALE 8.2, and describe the phenomenological
constraints below.
The relic density of dark matter, Ωh2 ≈ 0.11, is measured through the cosmological
experiments, WMAP and Planck [3, 4]. Considering non-thermal dark matter production,
we used the upper limits only in the check on the WIMP scenarios in our model. The
GeV-mass WIMP tends to annihilate to two anti-neutrinos through the t-channel with
the Dirac fermion, χ1χ
∗
1 → ν¯τντ . The relic density in the ADM scenarios is assumed to
satisfy the experimental upper limit.
Direct detection experiments for dark matter search the signal for the recoile from
scattering between nucleon and dark matter. Results in the LUX experiment constrain
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Table 8.2: Experimental bounds.
Observable Experimental bound
Ωh2 0.1196± 0.0062 (95% CL) [4]
σNucleon LUX (2016) [56, 51], CDMSlite (2015) [52]
〈σannv〉 Fermi-LAT [40, 53, 54]
Γ(Z → inv.) < 2.0 MeV (95% CL) [36]
Br(h→ inv.) < 0.23 (95% CL) [55, 42]
the DM-nucleon scattering cross section up to O(10−44) cm2 in 10 GeV dark matter
mass regions [56, 51]. On the other hand, the CDMSlite experiment imposes the upper
limit up to O(10−41) cm2 on the cross section in GeV-mass regions [52]. In our model,
the spin independent cross section of χ1 is mediated by the Higgs and Z bosons. The
amplitude via the Z boson is suppressed by the factor of sin2 θχ, while one via the Higgs
boson is proportion with A. In the ADM scenarios, the scalar coupling can cancel with
the gauge coupling. Then, there can be the region where the nucleon scattering cross
section is suppressed. In Fig. 8.1, the χ1-p (χ
∗
1-n) scattering cross section decrease at
mDM ∼ 10 GeV (1 GeV). The scattering cross section of the mixed sneutrino DM is
suppressed as in the mixed inert model (Fig. 8.2). In Fig. 8.3, we show the ADM-
germanium nucleon scattering cross sections in the χ1 ADM scenarios and the χ
∗
1 ADM
ones. The LUX (SuperCDMS) experiment use liquid xenon (germanium crystal) as the
target. We calculate the cross section for xenon and germanium, however these values are
almost same. Therefore, the figure shows only the germanium case . As shown in Fig. 8.3,
there are parameter regions where the χ∗1-nucleon scattering cross section decreases, and
the mass region depends on the hχ1χ
∗
1-coupling constant in Eq. 8.8.
Indirect detections search for particles produced via decays or annihilations of dark
matter in the universe. Observing γ-ray from the Milky Way, FermiLAT limits the an-
nihilation cross sections of dark matter to charged particles[40, 53]. On the other hand,
Super-Kamiokande can impose the upper limits on the cross sections by detecting neu-
trinos from the sun[57]. In our model, the GeV-mass WIMP annihilate dominantly to
two anti-neutrinos, and main modes in the heavier case are χ1χ
∗
1 → W+W− and bb¯. We
calculated the neutrino flax from the sun and the annihilation cross sections to W+W−
and bb¯, and have found that the observables are enough smaller than the experimental
upper limits. In the ADM scenarios, these constraints are invalid because the relic dark
matter χ1 or χ
∗
1 cannot annihilate with itself.
Masses of SUSY particles are limited through SUSY searches at LEP and LHC exper-
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Figure 8.1: The mass dependence of the scattering cross section between the dark matter
particle and a nucleon in the mixed inert model. In this figure, DM (antiDM) means the
χ∗1- (χ1-) ADM scenarios. The heavier mass eigenvalue mχ2 is set to 126 GeV and the
mixing angle sin θχ is set to 0.1 as a benchmark. The scalar coupling constants λ and λHs
are assumed to be the values of the mixed sneutrino DM model.
iments. In particular, the slepton mass bounds are calculated through searches for signals
of two leptons from the slepton decays [30, 33, 31, 32]. The charged inert scalar η± in
our model can decay to τ and ψ as well as the decay mode of the stau, τ˜ → τ χ˜01, where
χ˜0i denotes the lightest neutralinos. Therefore, the mass of η
± is imposed on lower limit
from LEP experiments.
The invisible decays of the Z and Higgs bosons are searched at LEP and LHC [36, 55,
42]. The dark matter candidate χ1 couples such bosons. If the mass of χ1 is lighter than
half of the masses of the bosons, the bosons can decay invisibly to χ1. Since the decay
widths are proportional to sin θχ, the upper limits from collider experiments suppress θχ.
The limits are effective to theGeV-mass region that direct detections cannot test. Fig.
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Figure 8.2: The mass dependence of the scattering cross section between the sneutrino
dark matter and a nucleon in the mixed sneutrino model. In this figure, DM (antiDM)
means the ν˜1- (ν˜
∗
1 -) ADM scenarios. The heavier mass eigenvalue mν˜2 is set to 126 GeV
and the mixing angle sin θν˜ is set to 0.1 as a benchmark. It is also assumed that tan β = 10.
8.4 shows that the branching ratio of the decay depends on λHs, which is contained in
the hχ1χ
∗
1-coupling constant in Eq. 8.8.
8.3 Numerical results
We calculate the Higgs boson invisible decay width and the DM-nucleon scattering cross
sections in the scan bounds listed in TABLE 8.3 of the GeV-mass WIMP and ADM sce-
narios. In Fig. 8.5, we show the experimental limits of the colliders and direct detections
on the mχ∗1 − λHs plane in the χ1∗-ADM scenarios. The Fig. 8.6 shows the cross sec-
tions, the limits from direct detections, and the DM discovery limit. In the parameter
set (sin θχ, λ, λ) = (0.1, 0,−0.14), the relic density of the WIMP is smaller than the up-
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Table 8.3: The scan bounds and reference values of parameters of our model.
Parameter Scan bound / Reference value
mχ1 [0.1 GeV, 100 GeV]
mχ2 [100 GeV, 150 GeV]
sin θχ [0.001, 1]
mψ [0.1 GeV, 120 GeV]
λ −0.14
λHs [-0.1,0.1]
per limit, and the invisible decay width of the Z and Higgs bosons are consistent with
experimental constraints. We assume the correct relic density in the ADM scenarios.
In the DM mass region less than 8 GeV, the scattering cross section is constrained up
to O(10−41) cm2. The future experiment SuperCDMS SNOLAB can reach the scatter-
ing cross section of O(10−43) cm2 and test the GeV- mass WIMP and χ1-ADM scenarios.
However, the DM particle in the χ∗1-ADM scenarios can avoid the experimental constraint
due to the coupling cancellation. The DM particle with the DM-nucleon scattering cross
section less than O(10−44) cm2 can be test at other experiments.
8.4 Discussion
As shown in Fig. 8.6, we find that there are parameter regions which direct searches
cannot reach to. Such regions are able to tested through mono-X searches at colliders.
The mono-photon events with missing energy are constrained at LEP2 experiments,
σ(e+e− → γ + invisible) < 1.5× 10−37cm2, (8.9)
at
√
s = 189 GeV− 209 GeV for pγT > 0.02
√
s and θbeam−γ > 14 deg[?]. In our model, we
can calculate the cross section,
σ(e+e− → γχ∗1χ1) = σ(e+e− → γZ)Br(Z → χ∗1χ1). (8.10)
The results show the constraint on the mono-photon events is not serious since the cross
section is smaller than O(10−40) cm2.
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Figure 8.3: Top (Bottom): The χ1 (χ
∗
1)- Ge scattering cross section and the limits from
the LUX [38] and SuperCDMS [39] experiments, where the calculation results of the
germanium case is almost the same that of the xenon case.
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Figure 8.4: The branching ratio of the Higgs invisible decay. The red, green, and blue
lines denote the calculation results for λHs = −0.005, 0,+0.005 respectively. The black
solid line means the upper bounds of the Higgs boson invisible decay searches at the
LHC [41, 42]. The black dotted and pink lines show the future prospects of the High
Luminosity LHC and ILC250 [50].
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Figure 8.5: The experimental limits of the colliders and direct detections on the mχ∗1−λHs
plane in the χ1∗-ADM scenarios. The red and green lines means the null results of DM
direct searches at the LUX [38] and SuperCDMS [39] experiments. The blue, magenta,
and cyan lines denote the constraints from the Higgs boson invisible decay searches at the
LHC [41, 42], HL-LHC, and ILC250 [50] respectively.
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In the study on a mixed sneutrino model, we have focussed on the GeV-mass WIMP
scenarios. In such a model, the right-handed neutrinos are added to the SM, and the
supersymmetry is imposed. The additional right-handed neutrinos interacts to the left-
handed neutrinos and the Higgs field through the Yukawa couplings, which generate the
neutrino Dirac mass terms after the electroweak symmetry breaking. In the SUSY model,
the hierarchy problem is satisfied due to the cancelation of the radiative corrections to
the square of the Higgs boson mass. In addition, a trilinear scalar coupling cause the
sneutrino mixing, and the lighter mixed sneutrino can act as a WIMP. We have shown that
parameter regions of the GeV-mass mixed sneutrino WIMP scenarios can be consistent
with experimental constraints and a vacuum stability bound. We have pointed out that
the Higgs boson invisible decay searches at future colliders are effective to test the allowed
region.
In the study on a mixed complex scalar model with a Majorana fermion, we have
discussed the testability of some WIMP mass regions. The extended model is one of
the effective theories of the mixed sneutrino models. The relic density of the GeV-mass
WIMP can satisfy the observed value through the annihilation mode via the new Majorana
fermion. We have discovered that the consistent WIMP mass region less than 1 GeV can
be reached at future collider. We also have pointed out that future direct detections can
reach the consistent areas where the WIMP mass is a half of the Higgs boson mass and
larger than 100 GeV.
In the study on a pUED model where the masses of the KK particles are free pa-
rameters, we have researched the DM relic density containing the effect of coannihilation
modes. In such model, a compact 5-dimensional space-time is assumed, and all the SM
particles can propagate. As a result, the KK particles of the SM particles are added to
the model. The lightest first KK particle is stable due to the KK parity and can become
a WIMP candidate. In earlier works of the mUED, it was shown that the coannihilation
modes with second KK particles affect the relic density, and the compactification scale is
changed from those without the second KK particle contribution. On the other hand, in
earlier works of in the pUED model, the relic density is calculated taking only the first
KK particle contributions into account. We have calculated the relic abundance with the
coannihilation modes containing the first and second KK particles in the pUED. We have
shown that the compactification scale which is consistent with the CMB observations is
corrected from around 1 TeV to a few TeV.
Finally, we have discussed the distinction between GeV-mass WIMP and ADM scenar-
ios in a mixed complex scalar model with a Dirac fermion. In the ADM scenarios, there
can be the parameter regions where the DM-nucleon scattering cross section decrease due
to the cancelation between the amplitudes via the Z- and Higgs bosons. We have calcu-
lated the DM-nucleon scattering cross section and the Higgs invisible decay width in the
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WIMP and ADM scenario, and found that future direct detections which can reach the
allowed region in the WIMP scenarios are not effective to test the parameter region with
the amplitude cancelation in the ADM scenarios.
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